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Mitochondrial Mechanisms of Neurotoxicity
DAMD17-98-1-8627

Ian J. Reynolds, Ph.D., Principal Investigator
Teresa G. Hastings, Ph.D., Co-P.I.

Introduction

This project is designed to investigate intracellular signaling mechanisms associated with
neuronal cell injury. In the acute form, this injury accounts for neural injury following stroke
and head trauma, while in the chronic phenotype, it may account for degenerative diseases such
as Parkinson’s disease. Our preliminary studies have suggested that mitochondria play a pivotal
role in the signaling processes that result in neuronal death. Accordingly, we have designed a
series of experiments that are intended to elucidate the mechanisms by which mitochondria
contribute to neuronal death, with the ultimate goal of identifying strategies for neuroprotection
that can be applied to both acute and chronic disease states. These studies are performed on
cultured neurons and on tissue derived from mature rodents.

Progress Report.

The progress reported here relates to the revised statement of work dated 7/20/98. This SOW is
now focused on the first two technical objectives of the original proposal, based on the
recommendations provided by the review process. In the previous progress report we
documented the set-up of the microscope system, and this has been fully functional over the last
year. According to the statement of work we anticipated completing technical objective 1 and
beginning work on technical objective 2. We have made substantial progress on technical
objective 1, although the goals have not all been met because of interesting issues that we have
encountered along the way. We have begun work on technical objective 2 as anticipated.

Objective 1. Glutamate Injury Model. The first technical objective is concerned with the
mechanisms underlying the injurious effects of glutamate in neuronal cultures. Several of the
approaches that we have used required further refinement to address the issues raised in this
technical objective.

Intramitochondrial Ca®* determination. We reported early findings last year of a novel approach
to measuring mitochondrial calcium loading. This approach uses the protonophore FCCP to
release calcium from mitochondria into the cytoplasm where it can be detected with one of
several low affinity dyes. We have now completed the evaluation of this approach, which
appears to be the best method currently available for monitoring glutamate-induced
mitochondrial calcium changes in at least a semi-quantitative way. These findings have been
submitted to the Journal of Physiology, and have received a positive review. We expect to
submit a revised manuscript shortly. The original submission is provided in the appendix
(Brocard et al., 2000). We have also investigated the sensitivity of mitochondrial calcium
transport to CGP 37157, which is putatively an inhibitor of the main calcium efflux pathway
from mitochondria. Although this drug clearly does block mitochondrial calcium efflux (White
and Reynolds, 1997) we did not find major effects of the drug on neuronal physiology or
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pathophysiology. These findings were recently submitted for publication (Scanlon et al.,
included in appendix).

We are extending these studies of mitochondrial calcium transport in two ways. Firstly,
we are attempting to determine the mechanisms of calcium uptake and release under the
conditions of these experiments. Based on experiments in isolated mitochondria we expect that
the calcium uniporter is the main transport mechanism for both uptake and release (Gunter and
Pfeiffer, 1990;Fiskum and Cockrell, 1985). However, establishing this in intact cells is proving
difficult because the pharmacological tools are less than ideal. The best inhibitor of this process,
Ru360 (Matlib et al., 1998) does not penetrate intact neurons at all. We have had some success
in using the drug in isolated mitochondria, and have also applied it to the inside of neurons using
a patch clamp electrode and have seen some effects, so we should ultimately be able to address
the question of whether the uniporter is the key transport mechanism. This is important because
the transport of calcium by mitochondria is critical to the injury process, and learning about the
effects of prototype inhibitors will be valuable in designing therapeutic interventions to prevent
injury. The second extension of the original findings will involve determining the sensitivity of
calcium transport to inhibition of electron transport. Our early results suggest that certain
complexes are much more sensitive to inhibition, reflected by a much more profound effect on
mitochondrial calcium transport. For example, we can monitor effects of rotenone at
concentrations as low as 10nM, suggesting that complex I is especially sensitive to inhibition.
This will provide valuable insights into the modification of mitochondrial calcium transport in
neurodegenerative disease states characterized by alteration in electron transport chain function
(including Parkinson’s disease, for example).

Characterization of MitoTracker dyes. We reported last year that we were working on a detailed
characterization of the properties of the series of MitoTracker dyes. These tools have been
proposed to be potential-sensitive fixable mitochondrial markers that are gaining in popularity.
However, our studies show that the dye signals are very dependent on membrane potential,
oxidation status and cell type, which makes them somewhat difficult to use. These findings have
been submitted for publication and the manuscript is currently under revision for the Journal of
Neuroscience Methods. A copy of the original manuscript is included in the appendix.

Measurements of Afim. We reported last year that we had observed spontaneous mitochondrial
depolarization in neurons. This is a previously unreported phenomenon in these cell cultures,
although some evidence for this type of event has been published in other cells. We have made
good progress in studying this unexpected property of neuronal mitochondria, and have also
observed similar characteristics of mitochondria in primary astrocyte cultures. We have been
able to measure the spontaneous mitochondrial depolarizations (SMDs) using both JC-1 and
tetramethylrhodamine methylester (TMRM). We essentially use these two dyes in parallel to
ensure that we are not studying a dye-specific artifact. The characteristics of SMDs are
illustrated in figure 1 below. We have spent a considerable amount of time determining the best
approach to studying SMDs quantitatively, and also in investigating the mechanism underlying
SMDs. Using these quantitative approaches we have established that, in neurons, the SMDs are
unrelated to action potential generation or glutamate receptor activation, which were the first
suggestions to account for the phenomenon. Interestingly, however, SMDs are greatly attenuated
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in neurons treated with the ATP synthase inhibitor oligomycin. This suggests that SMDs arise
from the change in membrane potential associated with mitochondria switching from a resting
state to one of active oxidative phosphorylation. SMDs in astrocytes are similar to those found in
neurons, although the phenomenon is harder to analyze quantitatively because the astrocytic
mitochondria do not have the same spatial constraints as mitochondria in neuronal processes, and
thus move around in the cell to a much greater extent. This makes it difficult to distinguish
between alterations in fluorescence intensity and signal variation resulting from mitochondria
moving into and out of defined regions of interest used for measuring fluorescence intensity. We
have also found that astrocyte mitochondria appear to be more sensitive to alterations in dye
signal associated with phototoxicity, especially with TMRM, and this makes interpretation of
some of the findings more difficult. Nevertheless, we have a much better understanding of the
nature of this phenomenon and some insights into the mechanism. We feel that it will provide a
useful marker of mitochondrial function in association with neuronal and astrocyte injury and are
currently exploring paradigms that will alter SMD expression. We are currently preparing two
manuscripts that will describe these findings, and have submitted an abstract that is included in
the appendix (Buckman et al, 2000).

Mechanisms of ROS generation. Based on the prior findings of this laboratory and others, we
anticipate that the generation of reactive oxygen species (ROS) by mitochondria may be a critical
signaling event in glutamate mediated neuronal injury. However, the mechanisms of ROS
generation under circumstances of glutamate stimulation are poorly understood. We have begun
to characterize mitochondrial ROS generation in isolated brain mitochondria with an initial goal
of establishing the fundamental mechanisms specific to neuronal mitochondria. We will then try
to recapitulate the circumstances associated with glutamate receptor activation (high calcium
load, increased sodium concentration and mitochondrial depolarization) to understand the
mechanism of the glutamate mediated effect. We have so far established that neuronal
mitochondria generate large quantities of peroxide when respiring on succinate. However, this
ROS generation is very sensitive to small changes in mitochondrial membrane potential, so that
depolarization substantially inhibits ROS formation (Figure 2). This suggests that at least some
of the conditions associated with glutamate receptor activation should inhibit rather than
stimulate ROS formation. We also found that mitochondria respiring on complex I substrates do
not generate measurable ROS until complex I is substantially inhibited (Figure 2). We have no
direct evidence that complex I is inhibited under conditions of glutamate exposure, but this may
be a more plausible mechanism to account for the effects of glutamate. We hope to progress
from studies in isolated mitochondria to experiments in permeabilized cells and finally to intact
neurons to determine both the basic mechanisms of ROS generation as well as to understand the
effects of glutamate.

Objective 2. Mechanism of “Death Factor” Release. We continued experiments this year
directed at understanding the characteristics of the release of factors that cause neuronal injury.
Characterization of PTP in Brain. We previously reported a comparison of brain and liver
mitochondria with respect to the properties of the permeability transition pore (PTP). These
findings have now been published in Experimental Neurology (Berman et al, 2000) and are
included in the appendix.

Tamoxifen Effects on Neurons. We previously reported a study of the effects of tamoxifen on
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neuronal mitochondria. We found that it partially protected neurons from glutamate-induced
mitochondrial depolarization. However, it did not prove to be protective, either in vitro or in
vivo. This paper has now been published in the Journal of Pharmacology and Experimental
Therapeutics and is included in the appendix (Hoyt et al., 2000).

Cytochrome c release. Clearly, one of the best candidate molecules for a mitochondrially
released death factor is cytochrome c. We have been interested in developing assays for the
release of cytochrome c that can be integrated into the other approaches used in this project. We
have made some progress with these assays. We have been able to obtain adequate
immunohistochemical staining for cytochrome c in our primary neuronal and astrocytic cultures
(Figure 3) and have looked at alterations in the distribution of staining in relation to injury.
However, although the pattern of staining is clearly different hours after an apoptosis-inducing
injury, it is not clear that the changes specifically represent cytochrome c redistribution rather
than simply morphological changes of the cells. We continue to develop this approach, although
it is possible that the approach of using a GFP/cytochrome c¢ fusion protein may ultimately be a
better approach to these experiments (Heiskanen et al., 1999). We are also investigating
cytochrome c release from isolated brain mitochondria using Western blotting approaches, with
the goal of determining whether toxins such as dopamine and methamphetamine alter
cytochrome c release as a mechanism of injury (Figure 3). We are making solid progress with
the technical issues, but have not been able to effectively address the experimental questions at
this stage. This will be one of the major goals of the coming year.
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Figure 1. Spontaneous mitochondrial depolarization.

Reynolds, Ian J.
Images from neurons, 1 frame/30s

Figure 1A. Spontaneous mito-
chondrial depolarization in neurons
and astrocytes measured with JC-1.
The image sequences illustrates
mitochondria that show several
increases over the 2.5 minutes of this
experiment.

Figure 1B. Illustration of an image of a
field of neurons in which the qualified JC-1
aggregate signal (red) has been overlaid on
the JC-1 monomer signal (green). The
subsequent analysis measures the monomer
signal associated with the regions under the
areas defined by the aggregate signal. Note
that the cell bodies are largely excluded
from the analysis using this approach. This
image contains about 2000 regions of
interest.

Taw Dats Smoothed Dt

Figure 1C. As an example of the
analysis of SMD’s, these data show
four sample traces from an experiment
similar to that shown in figure C1.2.
v>a__, Each trace in panels A and B represent
- a single ROI and shows the
i _fluctuations in the JC-1 monomer
signal over time. Panel B is the
smoothed version of the traces in panel
D A. Panel C shows the overall
fluorescence across the entire field
over the same experiment, and
illustrates the point that the net change
in the monomer signal is rather small
1 While there are quite substantial
e sy D112 23 3 45 56 €774 89 91 changes in individual ROI’s. Panel D
is a histogram representing the number
of events per one minute bin during
this 10 minute experiment.
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trigger ATP synthesis
depolarizes sufficiently to
inhibit ROS generation.
ROS production resumes
when the ADP is consumed
and the membrane
potential hyperpolarizes
again. (C) Similarly, by
blocking ATP synthesis
with oligomycin (100nM)
hyperpolarization occurs
and ROS production is
stimulated. (D) This
summary graph illustrates
the sensitivity of succinate
driven ROS generation to
very low concentrations of
FCCP, and shows that the
depolarization associated
with ATP synthesis is
sufficient to block ROS
production.
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Figure 2C. ROS production driven by glutamate
and malate (G+M). In the presence of G+M,
ROS production is only evident after the addition
of rotenone (2UM). The effects of rotenone are
inhibited by FCCP (150nM). The effects of
rotenone and FCCP are the same, regardless of
the order of addition.

Table 1. Effect of electron transport chain inhibitors on ROS generation by isolated brain mitochondria.

Rate of Peroxide Production, pmol/min/mg protein (mean +SEM)

Substrate Control +Antimycin +Rotenone +Myxothiazole +FCCP
Succinate 1388+58.9 274.6+18.0 173.9+17.9 40.2+2.3 -

G+M + Rotenone 434.2+9.2 434.8+21.1* - - 140.0+19.9
G+M + Antimycin 227.6+5.6 - 1328+128.1 50.5+9.6 282.8 18.24

*Includes FCCP.

Values are the mean +S.E.M. of 4-23 determinations from different mitochondrial preparations.
Peroxide production was determined using the scopoletin/horseradish peroxidase technique which was
calibrated using known concentrations of hydrogen peroxide.
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The top pair of panels shows cytochrome ¢ immunohistochemistry in control astrocytes on the
left, and the corresponding phase contrast image on the right. The lower pair of images show
cytochrome c staining 24h after exposure to a combination of zinc and the ionophonre
pyrithione, which is sufficient to cause apoptotic injury. Note that the cytochrome ¢ staining
remains punctate following injury even though the distribution is clearly not the same as the
control This illustrates the difficulty of using this approach in studying the mitochondrial
contribution to apoptotic injury.
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Key Research Accomplishments.

¢ Completed a study characterizing the properties of mitochondrial calcium transport after
glutamate receptor activation.
Completed a study of the properties of the mitochondrial sodium calcium exchange

¢
inhibitor CGP 37157 in neurons

¢ Characterized the properties of spontaneous mitochondrial depolarization in neuronal and

¢

astrocytic cultures
Characterized the properties of ROS generation by neuronal mitochondria

Reportable Outcomes.
All of the papers and abstracts cited here are included in the appendix.
The following papers have been published:

Berman, S.B., Watkins, S.C. and Hastings, T.G. Quantitative biochemical and ultrastructural
comparison of mitochondrial permeability transition in isolated brain and liver mitochondria:
evidence for reduced sensitivity of brain mitochondria. Exp. Neurol. 164:415-425 (2000).

Hoyt, K.R., McLaughlin, B.A., Higgins, D.S. and Reynolds, IJ. Inhibition of glutamate-induced
mitochondrial depolarization by tamoxifen in cultured neurons. J. Pharmacol. Exp.Ther. 293
480-486 (2000).

The following paper is in press:

Reynolds, 1.J and Hastings, T.G. The role of the permeability transition in glutamate-mediated
neuronal injury. In: Mitochondria and pathogenesis, Lemasters, J.J. and Nieminen, A.-L. (Eds),
Plenum Press, New York. (2000).

The following papers have been submitted:

Buckman, J.F., Herndndez, H., Kress, G.J., Votyakova, T., Pal, S. and Reynolds, L.J. MitoTracker
labeling in primary neuronal and astrocytic cultures: influence of mitochondrial membrane
potential and oxidants. Under revision, J. Neurosci. Meth. (2000).

Brocard, J.B., Tassetto, M. and Reynolds, 1.J. Quantitative evaluation of mitochondrial calcium
content following an NMDA receptor stimulation in rat cortical neurones. Under revision J.
Physiol. (2000).

Scanlon, J.M., Brocard, J.B., Stout, A.K. and Reynolds, I.J. Pharmacological investigation of
mitochondrial Ca* transport in central neurons: studies with CGP-37157, an inhibitor of the

Page -12-




mitochondrial Na*/Ca® exchanger. Submitted to Cell Calcium (2000).
The following abstracts have been published.

Brocard, J.B., Tassetto, M. and Reynolds, L.J. Quantitative evaluation of mitochondrial calcium
content following NMDA receptor stimulation. Society for Neuroscience, 26: 1013, (2000).

Buckman, J.F., Han, Y. and Reynolds, 1.J. Spontaneous mitochondrial depolarizations and
motility in neurons. Society for Neuroscience, 26: 1016, (2000).

Votyakova, T.V. and Reynolds, IJ. Ayim-dependent and -independent ROS production by rat
brain mitochondria. Society for Neuroscience, 26: 1016, (2000).

Kress, G.K., Dineley, K.E. and Reynolds, I.J. Intracellular Fe?* fluorescence measurements and
intracellular Fe** induced neurotoxicity. Society for Neuroscience, 26: 930, 2071(2000).
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Conclusions.

We are making solid progress towards the goals laid out in the initial objectives. Our advances
in understanding of the quantitative characteristics of neuronal mitochondrial calcium transport
will allow unprecedented insight into this critical parameter that regulates neuronal injury. In
addition, our studies of the mechanisms of ROS generation are revealing some surprising and
important features of this process that are critical to understand when evaluating the mechanisms
of glutamate toxicity. The study of spontaneous mitochondrial depolarizations in neurons and
astrocytes is an unexpected and exciting development. We are not at all sure of the full
implications of this phenomenon. At the least it is likely to represent an interesting and
overlooked aspect of mitochondrial physiology in neurons, and it may also provide a critical
insight into alterations in mitochondrial function that is associated with the onset of injury.

These experiments help to provide a more complete and accurate picture of the operation of
mitochondria in neurons, both under physiological and pathological conditions. Mitochondria
obviously have a critical role in normal cell function in generating ATP from glucose.
Understanding the ways in which it is possible to interrupt the pathological processes in which
mitochondria participate without altering the normal physiological function will be essential if
mitochondria are to represent a viable therapeutic target. We feel that the initial findings
reported here will help to provide those necessary insights.
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Opening of the mitochondrial permeability transi-
tion pore has increasingly been implicated in excito-
toxic, ischemie, and apoptotic cell death, as well as in
several neurodegenerative disease processes. How-
ever, much of the work directly characterizing prop-
erties of the transition pore has been performed in
isolated liver mitochondria. Because of suggestions of
tissue-specific differences in pore properties, we di-
rectly compared isolated brain mitochondria with
liver mitochondria and used three quantitative bio-
chemical and ultrastructural measurements of perme-
ability transition. We provide evidence that brain mi-
tochondria do not readily undergo permeability tran-
sition upon exposure to conditions that rapidly induce
the opening of the transition pore in liver mitochon-
dria. Exposure of liver mitochondria to transition-in-
ducing agents led to a large, cyclosporin A-inhibitable
decrease in spectrophotometric absorbance, a loss of
mitochondrial glutathione, and morphologic evidence
of matrix swelling and disruption, as expected. How-
ever, we found that similarly treated brain mitochon-
dria showed very little absorbance change and no loss
of glutathione. The absence of response in brain was
not simply due to structural limitations, since large-
amplitude swelling and release of glutathione oc-
curred when membrane pores unrelated to the transi-
tion pore were formed. Additionally, electron micros-
copy revealed that the majority of brain mitochondria
appeared morphologically unchanged following treat-
ment to induce permeability transition. These findings
show that isolated brain mitochondria are more resis-
tant to induction of permeability transition than mi-
tochondria from liver, which may have important im-
plications for the study of the mechanisms involved in
neuronal cell death. o 2000 Academic Press

Key Words: mitochondria; permeability transition;
neurodegeneration; apoptosis; excitotoxicity; oxida-
tive stress.
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INTRODUCTION

The important role of mitochondria in normal cellu-
lar functioning has long been recognized, and not sur-
prisingly, abnormalities in mitochondrial function are
increasingly found to play a significant role in cell
death. This has become of particular importance in the
brain, where investigations into the mechanisms re-
sponsible for neurodegenerative diseases and neuro-
toxic events have begun to focus on the potential con-
tributions of mitochondrial dysfunction (for review, see
23, 37). Mitochondrial dysfunction has been associated
with the mechanisms of several forms of neuronal cell
death, including excitotoxicity, apoptosis, ischemia,
and hypoglycemia-induced death (20, 22, 27-28, 34, 42,
45, 48, 53, 57, 59, 61-64). Mitochondrial alterations
have also been implicated in several neurodegenera-
tive diseases, including Parkinson’s disease, Alzhei-
mer’s disease, and amyotrophic lateral sclerosis (see
12).

One mitochondrial process that has been increas-
ingly implicated in many of these neurotoxic and neu-
rodegenerative conditions is the opening of a protein-
aceous pore in the inner mitochondrial membrane, the
permeability transition pore (PTP). The opening of the
PTP, termed permeability transition, allows the nor-
mally impermeable inner membrane of mitochondria
to become nonselectively permeable to solutes with a
molecular mass of 1500 Daltons or less. This leads to
mitochondrial membrane depolarization, release of
small solutes and proteins, osmotic swelling, and a loss
of oxidative phosphorylation (see 6, 31). Much of the
early work characterizing the properties of the mito-
chondrial PTP has been performed in liver and heart
cells, and opening of the PTP has been linked to many
forms of cell death (7). Interest in potential involve-
ment of the PTP in neuronal cell death led to investi-
gations of permeability transition in glial and neuronal
cells (21, 32), under conditions of glutamate exposure
(53, 62), hypoglycemia (27), and ischemia (42, 59). In
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these studies, the pharmacological PTP inhibitor cyclo-
sporin A (CsA) was shown to be protective against the
neurotoxic insults. However, interpretation is compli-
cated by the fact that CsA has other cellular effects
such as inhibiting calcineurin (56), which may also
play an important role in cell death (2, 54).

To avoid such confounds, PTP properties have been
characterized directly, by utilizing preparations of iso-
lated mitochondria, most often liver mitochondria,
where environmental factors can be controlled and ac-
tions of CsA are less ambiguous (see 6, 31 and refer-
ences therein). Factors that affect pore opening such as
calcium concentration, phosphate (Pi), pH, surface po-
tential, oxidants, and free fatty acids have been well
described in this system, and many more regulators of
the PTP are being actively studied (6). Investigations
have also shown different tissue-specific properties.
For example, heart mitochondria are much less sensi-
tive than liver to permeability transition induced by
calcium alone, and require either higher concentra-
tions of calcium or an additional inducer such as Pi (40,
44). In addition, permeability transition in skeletal
muscle mitochondria has been shown to have different
sensitivity than liver to modulation by Complex I sub-
strates of the electron transport chain (24).

These data suggest that differences may also exist in
pore properties in brain mitochondria. In fact, many
variations in mitochondrial function and the cellular
environment of brain and liver mitochondria would
support this hypothesis. We have previously shown
that dopamine oxidation induced opening of the PTP,
as evidenced by CsA-inhibitable mitochondrial swell-
ing (4). However, this occurs to a far lesser extent in
isolated brain mitochondria than in liver mitochondria
(4). Other studies of the PTP in brain utilizing whole
cells (21, 32) or isolated mitochondria (1, 32) also report
findings that differ from previously noted properties in
liver mitochondria. These data suggest the possibility
that assumptions about the role of the PTP in brain
based on properties developed in liver mitochondria,
which has occurred, for example, in studies of the par-
kinsonian neurotoxin 1-methyl-4-phenylpyridinium
(13-14, 43), may not be entirely valid. Thus, it is crit-
ical to more fully elucidate PTP characteristics in brain
mitochondria, given the growing interest in its involve-
ment in neuronal degeneration. However, no system-
atic characterization of pore properties in brain mito-
chondria had been undertaken, nor had any direct
comparison of brain mitochondria to the very well-
characterized properties of the PTP in liver mitochon-
dria been performed.

Therefore, in this study, we directly compared the
effects of exposure to known inducers of the PTP in
liver mitochondria to those in identically isolated brain
mitochondria. Using three different measures of pore
opening: mitochondrial swelling, glutathione (GSH) re-
lease, and ultrastructural changes, we provide evi-
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dence that the majority of brain mitochondria do not
readily undergo permeability transition after exposure
to conditions that rapidly induce permeability transi-
tion in liver mitochondria. These findings present the
possibility that regulatory processes in brain differ
from those in liver mitochondria and have important
implications for the study of the mechanisms involved
in neuronal cell death.

MATERIALS AND METHODS

Mitochondrial isolation. Brain mitochondria from
male Sprague—Dawley rats (300-350 g; Hilltop Labo-
ratories, Scottdale, PA), were isolated by differential
centrifugation using a medium containing 225 mM
mannitol, 75 mM sucrose, 5 mM K-Hepes, 1 mg/ml
BSA, and 1 mM EGTA (pH 7.4), according to the
method of Rosenthal et al. (49). This method uses
0.02% digitonin to free mitochondria from the synap-
tosomal fraction. Digitonin binds cholesterol and per-
meabilizes cell membranes such as those of synapto-
somes, but has little effect on mitochondria, which
contain less cholesterol than cellular membranes (e.g.,
55). In order to maintain identical conditions, liver
mitochondria were isolated from rat liver (1.5-1.75 g
tissue) using the exact procedure as that for brain
mitochondria. Mitochondrial protein yields for a single
rat, determined by the method of Bradford (10), were
approximately 8—-12 mg protein for brain and 20—25
mg protein for liver.

To ensure that the preparation contained healthy,
functioning mitochondria, mitochondrial respiration
was measured prior to the start of experiments (49).
Respiration measurements were determined polaro-
graphically with a thermostatically controlled (37°C)
Clark oxygen electrode (Yellow Springs Instrument
Co., Yellow Springs, OH) in medium containing 125
mM KCI, 2 mM K,HPO,, 1 mM MgCl,, 5 mM K-Hepes
(pH 7.0), 1 mM EGTA, 5 mM glutamate, and 5 mM
malate. Mitochondria were only used if the ratios of
State 3 respiration (using 0.25 mM ADP) to State 4
respiration (using 2 pg/ml oligomycin) were deter-
mined to be at least 7.5. Rates of respiration (ng
O/min/mg protein) were similar in brain and liver mi-
tochondria.

Mitochondrial swelling. Mitochondrial swelling
was measured spectrophotometrically by monitoring
the decrease in absorbance at 540 nm over 10 min
similar to previously described methods (11). Mito-
chondria (1 mg protein) were incubated in 2 ml of
media containing 213 mM mannitol, 70 mM sucrose, 3
mM Hepes (pH 7.4), 10 mM succinate, and 1 uM rote-
none. In studies of the transition pore, CaCl, (70 uM)
was added after 30 s, and other indicated compounds
were added at 2 min. When cyclosporin A (CsA; 850
nM) was used, it was added to the buffer prior to the
addition of the mitochondria. Data were quantified and
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compared by calculating the total decrease in absor-
bance from 2 min (the time the indicated inducers were
added) to 10 min. In studies utilizing mastoparan, it
was added after 30 s, and data were quantified by
calculating the total decrease in absorbance from 30 s
to 10 min.

GSH measurements. Mitochondria were incubated
as described for the swelling measurements. After the
10-min incubation, mitochondria were reisolated via
centrifugation at 12,000g for 10 min at 4°C. The super-
natant was removed, and protein was precipitated
from the mitochondrial pellet via sonication in 0.1 N
perchloric acid with 0.2 mM sodium bisulfite followed
by centrifugation at 18,000g for 10 min at 4°C. The
resulting supernatant, containing GSH from inside the
mitochondria, was removed and stored at —70°C until
the time of the GSH assay. Total GSH (oxidized and
reduced) was measured via the enzyme-coupled spec-
trophotometric method of Griffith (29).

Electron microscopy. Mitochondria were prepared
for electron microscopy either directly after the final
centrifugation of the isolation procedure or following
treatment with CaCl, and Pi as described for swelling
experiments, followed by centrifugation at 12,000g for
10 min. Electron microscopy methods are well estab-
lished and only will be discussed briefly. Mitochondrial
pellets were prepared and fixed in 2.5% glutaraldehyde
in PBS. Following fixation, the samples were cut into
small (1 mm?) cubes, postfixed with 1% osmium tetrox-
ide, dehydrated, and embedded in Epon. Sections were
cut using a Reichert Ultracut E ultramicrotome (Leica,
Deerfield, IL), mounted on grids, and double-stained
with 2% uranyl acetate (7 min) and 1% lead citrate (3
min). Observation was with either a Jeol 100CXII or
Jeol 1210 TEM (Peabody, MA). To quantify the propor-
tion of mitochondria affected by treatment with CaCl,
and Pi, mitochondrial profiles were counted from ran-
domly selected images collected at 25,000. Negatives
from the two populations were coded and mixed and
examined. The mitochondrial profiles were assigned
either a normal or aberrant morphology by an experi-
enced microscopist (SCW).

Statistical analysis. Analyses were performed by
one-way ANOVA followed by Tukey’s post hoc compar-
isons. A probability of P < 0.05 was considered signif-
icant. N values reported refer to data obtained from
separate experiments.

RESULTS

Mitochondrial swelling. Induction of permeability
transition has been shown to lead to swelling of mito-
chondria (31), which can be measured spectrophoto-
metrically. In this study, known inducers of the PTP
were tested for their ability to cause mitochondrial
swelling in liver and brain mitochondria isolated by

identical procedures. Similar to previously reported
studies (see 31), exposure of liver mitochondria to 70
uM CaCl,, followed by the addition of the inducers, Pi
(3 mM K,HPO,), phenylarsenoxide (PhAsO, 5 uM), or
tert-butylhydroperoxide tBOOH, 1 mM) led to large
decreases in absorbance, indicative of mitochondrial
swelling (Fig. 1A). Cyclosporin A (CsA) has been shown
to prevent the opening of the PTP in liver and heart
mitochondria (11, 19, 25). We also found that pretreat-
ment of liver mitochondria with CsA (850 nM) largely
prevented the swelling caused by the pore inducers
(Fig. 1A). In contrast, exposure of brain mitochondria
to the same compounds led to much smaller changes in
absorbance (Fig. 1B), with less potent inhibition by
CsA. Expansion of the scale, as shown in Fig. 1C,
clearly reveals that the inducers caused some changes
in absorbance in brain mitochondria albeit much
smaller than those in liver.

Table 1 shows the quantified results of these treat-
ments. The change in absorbance from the time the
inducing agent was added (2 min) until the end of the
experiments (10 min) was determined for each condi-
tion in liver and brain mitochondria. All of the inducers
tested led to a significantly larger absorbance change
over time in liver mitochondria as compared to control
conditions. CsA pretreatment significantly reduced the
absorbance change after exposure to the inducers, by
89% with Pi, 72% with PhAsO, and 74% with tBOOH,
indicative of a decrease in the amount of swelling.
Exposure to the inducers in brain resulted in changes
in absorbance that were 10—14% of responses observed
in liver. However, the small responses were still sta-
tistically significant for Pi and PhAsO, although not for
exposure to tBOOH (Table 1). Effects of CsA pretreat-
ment also differed in brain as compared to liver, pre-
venting only 46% of the change in absorbance caused
by Pi and 51% of the change caused by PhAsO
(Table 1).

Increasing the mitochondrial calcium load either by
the presence of CGP 37157, an inhibitor of sodium-
dependent calcium efflux from mitochondria (16, 18),
or by exposure to higher concentrations of calcium did
not increase the amount of swelling in brain mitochon-
dria (data not shown). These results were also similar
whether Complex I substrates in a KCl-based respira-
tion medium, longer incubation times, or combinations
of inducers were utilized (data not shown).

Loss of GSH. To begin to determine whether the
differences between liver and brain swelling were due
to differences in pore function or simply in the swelling
properties of the different types of mitochondria, a
second measure of pore opening, loss of mitochondrial
GSH, was investigated. GSH is a small molecule that is
accumulated in the mitochondrial matrix, and the loss
of GSH from the matrix has been shown to occur upon
pore opening (51). Although GSH exists in both a re-
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FIG. 1. Representative traces of mitochondrial swelling induced by various agents, assessed spectrophotometrically. CaCl, (70 uM) was
added after 30 s, and other compounds were added at 2 min [phosphate (Pi; 3 mM), phenylarsenoxide (PhAsO; 5 uM), and tert-
butylhydroperoxide (tBOOH; 1 mM)]. When used, cyclosporin A (CsA; 850 nM) was present at the beginning of the incubation. Control
samples were exposed only to CaCl,. (A) Liver; (B) brain; (C) brain (expanded scale). Arrow indicates the time that the inducers were added.

duced and oxidized form, nearly all of the intramito-
chondrial GSH has been shown to be in the reduced
state (568). Liver and brain mitochondria contain com-
parable amounts of GSH following isolation and expo-
sure to control conditions containing only CaCl, (Fig.
2). We found that treatment of liver mitochondria with
CaCl, (70 uM) followed by Pi (3 mM) resulted in a
profound loss (—82%) of mitochondrial GSH (Fig. 2).
CsA (850 nM) was able to completely prevent this

effect. In brain mitochondria, however, CaCl, and Pi
did not result in any loss of GSH (Fig. 2). Incubation
with CaCl; (70 uM) and CsA had no significant effect
on GSH levels in either brain or liver mitochondria as
compared to controls.

Effects of mastoparan on swelling and GSH release.
As a positive control, we tested the effects of the pep-
tide mastoparan on mitochondrial swelling and GSH
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TABLE 1

Quantification of Mitochondrial Swelling after Exposure to
Permeability Transition Inducing Agents

Liver Brain

Decrease in Decrease in

absorbance absorbance

Treatment® n (540 nm)* n (540 nm)®
Control 3 0.024 = 0.003 8 0.032 = 0.003
Pi (3 mM) 5 0958 +0.014° 3 0.130 = 0.012°
Pi (3 mM) + CsA 4 0095 *+0.019° 4 0.074 = 0.006°
PhAsO (6 pM) 3 0853+0.069° 3 0.099 + 0.007°
PhAsO (5 uM) + CsA 3 0.230 £0.030 3 0.049 % 0.002¢
tBOOH (1 mM) 3 0550 =0.150° 3 0.052 = 0.003
tBOOH (1 mM) + CsA 3 0.143 + 0.059¢ 2 0.024 = 0.004

¢ Mitochondria were exposed to CaCl, (70 uM) at 30 s, followed by
the indicated agents at 2 min. When utilized, CsA (850 nM) was
present prior to the addition of mitochondria.

® Values are the absolute change in absorbance from the time the
inducing agent was added (2 min) to 10 min (mean * SEM).

¢ Significantly different than control values (P < 0.05).

¢ Significantly different than the same condition without CsA (P <
0.05).

release in liver and brain. Although at lower concen-
trations, mastoparan can induce the PTP (46), at
higher concentrations, such as the concentration used
in this study (20 uM), mastoparan produces pores in
the mitochondrial membrane in a non-CsA-dependent
manner, thought to be unrelated to PTP opening (38,
46). We observed that mastoparan caused large-ampli-
tude swelling in both liver and brain mitochondria
(Figs. 3A and 3B). In liver, maximal change in absor-
bance approximated that induced by permeability
transition, whereas in brain, the change in absorbance
was approximately threefold greater than with pre-
sumed inducers of the pore and averaged 40% that of
liver (Fig. 3B). In addition, mastoparan caused the
complete loss of GSH from both brain and liver mito-
chondria. Levels of GSH in brain and liver mitochon-
dria under the same control conditions as in the swell-
ing experiments were 2.94 * 0.17 and 3.03 * 0.33
nmol/mg protein, respectively (mean * SEM; n = 3).
Levels of GSH following exposure to mastoparan (20
M) were nondetectable in both tissues.

Electron microscopy. Figure 4 shows the typical
fine structural morphology of mitochondrial prepara-
tions used within this study. In untreated preparations
of brain mitochondria (Fig. 4A), the predominant mor-
phology shows small mitochondria with numerous
electron dense branching cristae (arrow). The only con-
taminant in these preparations is free synaptosomes
(chevron). In approximately 10% of mitochondria, ve-
siculated cristae may be seen (arrowhead). Following
exposure to CaCl, (70 uM) and Pi (3 mM) (Fig. 4B),
large numbers of normal brain mitochondria are still
seen (arrow) as well as synaptosomes. However, mito-

chondria showing fragmentation and vesiculation of
cristae (arrowhead) now represent a larger (quantita-
tively 45%) proportion of the mitochondrial fraction in
these preparations. Liver mitochondria prepared in the
same fashion show a somewhat different morphology
(Fig. 4C): the intracristal volume appears reduced
when compared with the brain mitochondria, princi-
pally due to an increased volume fraction of matrix
within the mitochondria. Apart from occasional free
membrane derived from the endoplasmic reticulum,
there is very little contamination of this preparation.
Treatment of liver mitochondria with CaCl, and Pi
completely disrupts the mitochondrial morphology
(Fig. 4D). Although discrete membrane bound profiles
persist, no recognizable structures are present within
the mitochondria apart from free protein aggregates.

DISCUSSION

This study is the first to directly compare properties of
the mitochondrial PTP in brain mitochondria with those
of the well-characterized liver mitochondria, using both
biochemical and ultrastructural measurements. We
found that brain and liver mitochondria behave biochem-
ically and morphologically different after exposure to
agents that have previously been shown to induce per-
meability transition in liver mitochondria.

Using three different measures, we provide evidence
that isolated brain mitochondria are more resistant to
undergoing permeability transition upon exposure to
conditions that rapidly induce the opening of the PTP
in liver mitochondria. Exposure to transition-inducing
agents led to a large, CsA-inhibitable decrease in spec-
trophotometric absorbance, a loss of mitochondrial
GSH, and morphologic evidence of matrix swelling and
disruption in liver mitochondria, as has been reported

I Liver

1 Brain

o
]
1

n
o
1

GSH (nmol/mg prot)

Control Pi Pi+ CsA CsA

FIG. 2. GSH remaining in the mitochondria was measured fol-
lowing a 10-min incubation period (mean += SEM; n = 3-9). CaCl,
(70 uM) was added to all samples after 30 s of incubation, and Pi (3
mM) was added where indicated after 2 min.
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FIG. 3. (A) Representative traces of mitochondrial swelling induced by mastoparan (20 uM), added at 30 s compared to control. (B)
Quantification of absorbance changes calculated as the absolute change in absorbance from 30 s to 10 min (mean * SEM; n = 3-4).

previously (e.g., 8, 51, 52). However, we found that
similarly treated brain mitochondria showed very little
absorbance change as compared to liver and no loss of
GSH. The absence of these responses in brain was not
simply due to structural limitations, since large-ampli-
tude swelling and release of GSH were induced when
membrane pores unrelated to the PTP were formed by
high concentrations of mastoparan. As additional evi-
dence, electron microscopy revealed that the majority

of the brain mitochondria appeared morphologically
unchanged following treatments to induce PTP. The
morphological changes that did occur were more subtle
and did not reflect the complete disruption of structure
that was observed in liver mitochondria.

Comparison to previous studies of isolated brain mi-
tochondria. We have previously noted a similar dif-
ferential swelling response of liver and brain mitochon-
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FIG. 4. Electron micrographs of mitochondria from brain (A and B) and liver (C and D), isolated and prepared as described under
Materials and Methods. Mitochondria either were untreated (A and C) or were incubated with CaCl, (70 pM) and Pi (3 mM) for 10 min as
described in the legend of Fig. 2 (B and D). In A and B, normal brain mitochondria (arrow), larger mitochondria with fragmented cristae
(arrowhead), and a small amount of contaminating synaptosomes (chevron) are observed. In liver mitochondria (C and D), nearly all
mitochondria appear normal when untreated (C) and are completely disrupted when treated (D). Bar, 0.5 um.

dria after exposure to the products of dopamine oxida- However, none of these studies quantified the degree of
tion (4). Many other recent studies have provided swelling, nor compared it to the degree of swelling
evidence for swelling of isolated brain mitochondria observed in liver mitochondria. Where quantitative in-
after exposure to pore-inducing agents (1, 26, 27, 32). ferences can be made (32), it appears that the degree of
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swelling observed is similar to the small amount of
swelling found in our study. In fact, Andreyev et al. (1)
also noted that when swelling did occur upon exposure
to pore inducers, the degree of swelling was incom-
plete. Thus, these studies support our findings of de-
creased sensitivity of brain mitochondria to permeabil-
ity transition.

Similar to findings reported by Kristal and Dubinsky
(32), we also found that inhibition of mitochondrial
swelling by CsA was incomplete in brain mitochondria,
yet we observed a much greater degree of inhibition of
swelling and GSH release by CsA in liver. In contrast
to our results, Andreyev et al. (1) reported release of
GSH from brain mitochondria upon pore induction.
Although the reason for this apparent difference is
unclear, the total mitochondrial GSH in that study was
not determined, and thus, it is not known what fraction
of the total GSH was released.

Possible mechanisms involved in tissue-specific dif-
ferences. Our evidence suggests, then, that brain mi-
tochondria do not readily undergo permeability transi-
tion under the same conditions that have been well-
characterized for liver mitochondria. The reason for
this difference is not known, but several possible ex-
planations exist. One possibility is that only a fraction
of mitochondria in the brain preparation are able to
undergo permeability transition. Although the degree
of swelling in brain mitochondria after exposure to Pi
or PhAsO was small compared to liver, approximately
half of the swelling was prevented by CsA, suggesting
that this portion may be due to the PTP. The accom-
panying release of GSH from the mitochondria that
undergo transition would then be only a very small
amount compared to that still remaining inside the
intact mitochondria and therefore, may be difficult to
detect. In addition, since mitochondria are able to take
up GSH (30, 33, 36), any released GSH could poten-
tially be transported into the intact mitochondria,
masking a small effect.

The heterogeneous brain preparation includes mito-
chondria from both glia and neurons, and it is not
known which population of mitochondria might be
more susceptible to PTP induction. It is possible that
one cell type or cells from specific regions in brain
contain mitochondria that will undergo permeability
transition, while others do not. The proportion of mi-
tochondria from glial and neuronal cells in our prepa-
ration is not definitively known, but it is likely that
there is a substantial proportion from both cell types.
The method utilized in our studies is similar to isola-
tion procedures for brain mitochondria which isolate
both glial and neuronal (nonsynaptosomal) mitochon-
dria (e.g., 17). However, the current method adds dig-
itonin to the synaptosomal/mitochondrial fraction,
which permeabilizes synaptosomal membranes, in-
creasing the neuronal mitochondrial yield (49). The
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overall mitochondrial yield increases from approxi-
mately 3-4 mg mitochondrial protein/brain in stan-
dard procedures (e.g., 17) to 8—10 mg mitochondrial
protein/brain in this preparation. Thus, it is likely that
there is a substantial population of neuronal mitochon-
dria as well as glial mitochondria. It is interesting to
speculate whether the small degree of swelling ob-
served in our study reflects the population of mitochon-
dria from specific regions of the brain or from specific
cell types that are susceptible to degeneration via
mechanisms suggested to involve the PTP. In fact,
Friberg et al. (26) found that sensitivity to calcium-
induced mitochondrial swelling varies in different re-
gions of the brain, correlating with sensitivity to isch-
emic damage.

It is also possible that differences in protein expres-
sion between liver and brain could be responsible for
the differences observed in this study. For example,
recent evidence suggests that creatine kinase, which is
present in high amounts in brain but not liver mito-
chondria, is a potent inhibitor of the PTP (9, 41). In
addition, members of the bcl-2 family of proteins are
known to be inhibitors and activators of permeability
transition (47), and thus, differential expression of
these proteins in liver and brain could contribute to
altered sensitivity. Protein expression may also indi-
rectly affect pore opening by altering environmental
factors that are known to regulate the PTP, such as
intramitochondrial pH, the oxidation state of pyridine
nucleotides and GSH, calcium load, or matrix magne-
sium (5). For example, oxidized pyridine nucleotides
are known to increase the probability of PTP opening
(15), and evidence suggests that the ability of pyridine
nucleotides to be oxidized may be lower in brain mito-
chondria than in other tissues, due to differences in
peroxidase activity (3, 35, 50).

Certainly, other differences in mitochondria from
liver and brain have been identified. For example, liver
and brain mitochondria use diverse mechanisms to
transport calcium; calcium efflux from brain mitochon-
dria is primarily through sodium-dependent transport,
whereas liver mainly utilizes a sodium-independent
mechanism (31). Likewise, as stated previously, differ-
ent PTP characteristics have also been identified in
other tissues, such as heart mitochondria, which are
less sensitive than liver (40, 44) and skeletal muscle
mitochondria, which show differential sensitivity to
substrate modulators (24). Brain mitochondria appear
to be even less sensitive than heart, since exposure to
calcium with inducers, higher concentrations of cal-
cium, calcium efflux blockade, or even combinations of
several inducers over longer periods of time did not
result in large-scale opening of the PTP. The composi-
tion of the PTP and its regulatory proteins is still under
debate (see 6), and until it is fully defined, it will be
difficult to specifically determine the potential mecha-
nisms leading to these tissue-specific differences.
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Conclusions. This study is the first to directly ex-
amine pore properties in brain mitochondria and com-
pare them to the properties that have previously been
well-described in other tissues. It is clear from our
findings that considerable differences exist in mea-
sures of PTP properties between isolated brain and
liver mitochondria and that sensitivity to variations in
mitochondria from one tissue to another is critical.
This is important to note, since previously it has been
thought that pore properties are similar, and studies of
isolated liver mitochondria have been utilized to ex-
trapolate to brain (13, 14, 43).

In addition, it is very likely that heterogeneity exists
between glial and neuronal mitochondria, between mi-
tochondria from different regions of the brain, or even
within different regions of a single neuron. With re-
ports suggesting a potential role for the PTP in neuro-
nal injury due to excitotoxicity (39, 53, 62), ischemia
(42, 59, 60), dopamine-induced toxicity (4), the parkin-
sonian neurotoxin, 1-methyl-4-phenylpyridinium (13,
14, 43), and some forms of apoptosis (65), better char-
acterization of the properties and regulatory mecha-
nisms of the PTP specific to brain mitochondria is
critical.
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ABSTRACT

In central neurons, glutamate receptor activation causes mas-
sive calcium influx and induces a mitochondrial depolarization,
which is partially blocked by cyclosporin A, suggesting a pos-
sible activation of the mitochondrial permeability transition pore
(PTP) as a mechanism. It has been recently reported that ta-
moxifen (an antiestrogen chemotherapeutic agent) blocks the
PTP in isolated liver mitochondria, similar to cyclosporin A. In
this study, we tested whether tamoxifen inhibits the mitochon-
drial depolarization induced by glutamate receptor activation
in intact cultured neurons loaded with the fluorescent
dye 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcar-
bocyanine iodide. This dye reports disruptions in mitochondrial
membrane potential, which can be caused by PTP activation.
We found that glutamate (100 uM for 10 min) causes a robust

mitochondrial depolarization that is partially inhibited by tamox-
ifen. The maximum inhibitory concentration of tamoxifen was
0.3 uM, with concentrations higher and lower than 0.3 uM
being less effective. However, although tamoxifen (0.3 uM)
blocked glutamate-induced mitochondrial depolarization, it did
not inhibit glutamate-induced neuronal death, in contrast to the
PTP inhibitor cyclosporin A. A relatively high concentration of
tamoxifen (100 uM) caused mitochondrial depolarization itself
and was neurotoxic. These data suggest that tamoxifen may be
an inhibitor of the PTP in intact neurons. However, the lack of
specificity of most PTP inhibitors, and the difficulty in measur-
ing PTP in intact cells, preclude definite conclusions about the
role of PTP in excitotoxic injury.

Activation of the mitochondrial permeability transition
pore (PTP) has been identified as a possible common effector
of the cell death of numerous cell types in response to both
necrotic and apoptotic stimuli (Lemasters et al., 1997; Kro-
emer et al., 1998). The PTP includes proteins located in both
the inner and outer mitochondrial membranes and, when
opened, allows mitochondrial constituents <1.5 kD to cross
the inner membrane. In isolated mitochondria this results in
swelling, loss of the protonmotive force, and the loss of low
molecular weight compounds such as glutathione (Savage
and Reed, 1994; Zoratti and Szabo, 1995). Increases in ma-
trix Ca%* and oxidant levels are important inducers of the
PTP. Cyclosporin A is among the most potent inhibitors of
the PTP (Broekemeier et al., 1989).

The PTP has been suggested to be involved in the neuro-
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toxicity caused by overactivation of neuronal glutamate re-
ceptors (Nieminen et al., 1996; Schinder et al., 1996; White
and Reynolds, 1996). Glutamate-induced neurotoxicity is in-
volved in the cell loss caused by stroke and trauma, as well as
chronic neurodegenerative diseases (Choi, 1988). Activation
of the various subtypes of glutamate receptor leads to open-
ing of an integral ion channel and influx of Na™, and for the
N-methyl-p-aspartate (NMDA) subtype and certain a-amino-
3-hydroxy-5-methyl-4-isoxazolepropionic acid/kainate sub-
types, Ca%?* (Mayer and Westbrook, 1987). Robust Ca®* ac-
cumulation and the subsequent mitochondrial Ca®* loading
are critical for the expression of NMDA receptor-mediated
injury, although the events that link mitochondrial Ca®*
changes to toxicity have not been firmly established (Budd
and Nicholls, 1996; Stout et al., 1998). Reactive oxygen spe-
cies are generated by mitochondria in response to NMDA
receptor-mediated Ca®* influx (Dugan et al., 1995; Reynolds
and Hastings, 1995; Bindokas et al., 1996). The massive Ca®*
loading caused by NMDA receptor activation also induces a
Ca®*-dependent depolarization of the mitochondrial mem-
brane potential (A¢,,) that is partially blocked by the PTP
inhibitor cyclosporin A (Ankarcrona et al., 1996; Schinder et

ABBREVIATIONS: PTP, mitochondrial permeability transition pore; NMDA, N-methyl-p-aspartate; Ay,,, mitochondrial membrane potential; JC-1,
5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide; HBSS, HEPES-buffered salt solution; FCCP, carbonyl cyanide p-

trifluoromethoxyphenylhydrazone; LDH, lactate dehydrogenase.
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al., 1996; White and Reynolds, 1996) as well as other PTP
blockers such as trifluoperazine and dibucaine (Hoyt et al.,
1997). Cyclosporin A also inhibits toxicity caused by gluta-
mate receptor activation, although this effect may be medi-
ated by calcineurin inhibition rather than PTP activation
(Dawson et al., 1993; Ankarcrona et al., 1996; Schinder et al.,
1996; White and Reynolds, 1996). Indeed, it has proven dif-
ficult to establish the role of the PTP in excitotoxicity because
of the lack of potent and selective inhibitors.

It has been recently reported that tamoxifen, a widely used
antiestrogen chemotherapeutic and chemoprevention agent,
blocks Ca®"-induced PTP activation in isolated liver mito-
chondria, with effects similar to those caused by cyclosporin
A (Custodio et al., 1998). In addition to its estrogen receptor-
blocking effects, tamoxifen is a lipophilic peroxyl radical
scavenger (Custodio et al., 1994). However, it does not appear
that its antioxidant function is related to its ability to block
PTP because the PTP-inducing conditions (Ca®* and phos-
phate treatment) with which tamoxifen was tested did not
alter mitochondrial oxidized glutathione levels (an indication
of oxidation) (Custodio et al., 1998).

Tamoxifen rapidly induces apoptosis in neural cell lines
(Ellerby et al., 1997, Hashimoto et al., 1997). Whole-cell
extracts from cultures treated with 100 pM tamoxifen in-
duced assymetric chromatin formations indicative of apopto-
sis in naive isolated nuclei within 1 h. This rapid morpholog-
ical change was accompanied by caspase cleavage of nuclear
substrates (Ellerby et al.,, 1997). These effects were not
blocked by inhibitors of caspases 1 and 4 and could not be
reproduced if nuclei were treated with only mitochondrial
and cytosolic fractions from tamoxifen-primed cells. This ap-
parent requirement for cellular components other than the
mitochondria and cytosol would suggest that tamoxifen does
not initiate cell death by directly impairing mitochondrial
membrane potential, although this hypothesis has not been
directly tested. It also remains to be determined if this com-
pound can provide neuroprotection by altering PTP activa-
tion in primary neuronal cultures at concentrations similar
to those that inhibit PTP in liver mitochondria (5-25 uM)
(Custodio et al., 1998).

There are relatively few drugs available to study PTP
activation in intact cells, and we were interested to see
whether tamoxifen would be as effective in neurons as it is in
isolated mitochondria. We tested whether tamoxifen inhibits
the Ay, depolarization induced by glutamate receptor acti-
vation in cultured neurons. Ay, was monitored in neurons
loaded with the Ays,,-sensitive fluorescent dye 5,5',6,6'-tetra-
chloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide
(JC-1), as an indirect indication of PTP activation, because
PTP activation necessarily results in a loss of Ay, We also
determined the effect of tamoxifen on glutamate-induced
neuronal death, both in vitro and in vivo.

Materials and Methods

Primary Neuronal Culture. Forebrain neurons were cultured
from embryonic day 17 Sprague-Dawley rat pups as described in
White and Reynolds (1995). Pregnant rats were deeply anesthetized
with diethyl ether and were not allowed to regain consciousness.
Embryos were then taken and used to obtain forebrain neurons. All
animal handling procedures for isolation of neurons for cell culture
were approved by the Institutional Animal Care and Use Committee
of the University of Pittsburgh. Brain tissue was dissociated with
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trypsin, and then plated on to poly(D-lysine)-coated glass coverslips
at a density of 450,000 cells m1~? in Dulbecco’s modified Eagle’s
medium with 10% fetal bovine serum, 24 U ml~* penicillin, and 24
pg ml~! streptomycin. Twenty-four hours after plating, the media
were removed and replaced with Dulbecco’s modified Eagle’s me-
dium that contained horse serum in place of fetal bovine serum, and
the coverslips were inverted to suppress glial proliferation. Neurons
were kept in a 37°C, 5% CO,-humidified incubator for 12 to 18 days
until use. All recordings were made with a HEPES-buffered salt
solution (HBSS) that contained 137 mM NaCl, 5 mM KCI, 0.9 mM
MgSO,, 1.4 mM CaCl,, 3 mM NaHCO,, 0.6 mM Na,HPO,, 0.4 mM
KH,PO,, 5.6 mM glucose, and 20 mM HEPES; pH was adjusted to
7.4 with NaOH. All glutamate solutions contained 1 uM glycine.
Tamoxifen was dissolved in methanol (<0.02% final methanol con-
centration) and all control conditions contained 0.02% methanol.

Measurements of Ads,,. Ay, was estimated in individual neu-
rons loaded with the Ay, -sensitive fluorescent dye JC-1 (Molecular
Probes, Eugene, OR; White and Reynolds, 1996). Neurons were
loaded with the JC-1 (3 uM) for 20 min at 37°C, rinsed with dye-free
HBSS for 20 min at room temperature, and then mounted in a
recording chamber on the stage of an ACAS 570c laser scanning
confocal microscope (Meridian Instruments, Okemos, MI). Fields of
neurons were illuminated with the 488-nm line of an argon laser,
and emission at 530 and 590 nm was monitored. Solution changes in
this protocol were made by rapidly aspirating and replacing the
contents of the recording chamber. The fluorescence emission wave-
length of JC-1 depends on the aggregation of the JC-1 molecules that
in turn depends on the Ay, (i.e., the greater the Ay, the greater the
aggregation; Reers et al., 1991). By monitoring JC-1 fluorescence at
590 nm (aggregate) and 530 nm (monomer), one can assess relative
changes in Ays,,. Ratio values were obtained by dividing the signal at
590 nm by the signal at 530 nm after background subtraction on a
cell-by-cell basis and normalized to a starting value of 1 for compar-
ison between cells. With this approach, a decrease in the normalized
ratio represents mitochondrial depolarization, which was confirmed
by titration with increasing concentrations of the protonophore car-
bonyl cyanide p-trifluoromethoxyphenylhydrazone (FCCP; 20-750
nM), resulting in graded, concentration-dependent decreases in the
JC-1ratio (K. R. Hoyt and I. J. Reynolds, unpublished observations).

[Ca?**]; Measurements. [Ca®*]; was measured from individual
neurons loaded with the Ca®*-sensitive fluorescent dye indo-1
(White and Reynolds, 1995). Neurons were rinsed with HBSS and
then loaded with 5 pM indo-1 AM (Molecular Probes) in HBSS
containing 5 mg/ml BSA for 50 min at 37°C, and incubated in
dye-free HBSS for a further 20 min at 37°C to allow for dye cleavage.
Coverslips were then mounted in a recording chamber (1-ml volume)
on the stage of a Nikon Diaphot microscope. Cells were illuminated
at 350 nm with light from a 75-W mercury arc lamp. Indo-1 emission
was simultaneously monitored at 405 and 490 nm with a dual pho-
tomultiplier system. Background subtracted ratios were converted to
[Ca®*); with parameters from an in situ calibration.

In Vitro Toxicity Assay. For neuronal viability experiments,
coverslips were washed once in HBSS that had been prewarmed to
37°C, inverted, and transferred to new plates. Cells were then
washed twice more in HBSS and incubated in toxin. Cells were
exposed to glutamate (100 uM) and glycine (1 uM) or HBSS in the
presence or absence of tamoxifen (0.3 uM) and returned to the
incubator for 10 min. Glutamate exposure was terminated by wash-
ing cells twice with HBSS. After rinsing with HBSS, cells were
maintained in the presence or absence of tamoxifen (0.3 uM) in
minimal essential medium. For high-dose tamoxifen experiments,
cells were maintained in 100 uM tamoxifen in minimal essential
medium. Neuronal viability was determined 18 to 20 h later for all
experiments by measuring lactate dehydrogenase (LDH) release
with an in vitro toxicology assay kit (Sigma Chemical Co., St. Louis,
MO). Forty-microliter samples of medium were assayed spectropho-
tometrically according to the manufacturer’s protocol to obtain a
measure of cytoplasmic LDH released from dead and dying neurons
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(Hartnett et al., 1997). LDH results were confirmed qualitatively by

visual inspection of the cells. Chromatin staining of tamoxifen- -

treated cells also was performed as described in McLaughlin et al.
(1998). After incubation with tamoxifen, the cultures were washed
briefly with PBS, fixed in 4% paraformaldehyde (pH 7.4) for 5 min,
and incubated in 5 pg/ml Hoechst 33342 (Molecular Probes) for 10
min. Cells were then washed twice in PBS and mounted on glass
slides. Fluorescence of stained chromatin was evaluated with a Ni-
kon Diaphot fluorescence microscope.

Striatal Malonate Lesions. Male Sprague-Dawley rats (275—
350 g) were maintained in a 12-h light/dark cycle with free access to
standard rat chow and water. All animal procedures were in accor-
dance with the National Institutes of Health Guide for the Care and
Use of Laboratory Animals and have been approved by the Institu-
tional Laboratory Animal Care and Use Committee of The Ohio
State University. Rats were anesthetized with equithesin, then
placed in a Kopf small animal stereotaxic apparatus. A midline
incision was made and the confluence of the sagittal and coronal
sutures was identified (bregma). Malonate (3 pmol in 2 ul of 0.9 N
NaCl) was administered via a 26-gauge Hamilton syringe at a rate of
0.2 pl/min at the following coordinates relative to bregma: 0.7 mm
anterior, 2.8 mm lateral, and 5.0 mm ventral. The needle remained
in place for an additional 5 min to limit regurgitation up the needle
tract. Tamoxifen or vehicle (dimethyl sulfoxide) treatments were
administered i.p. 2 h before and 4 h after malonate exposure. Seven
days after malonate exposure, all animals were euthanized with
chloral hydrate (500 mg/kg) and rapid decapitation. The cranial
contents were removed, coated with embedding matrix, frozen under
powdered dry ice, and stored at —70°C until sectioning.

Coronal sections (25 um) were gathered at 250-um intervals
through the rostrocaudal extent of the striatum with a cryostat and
were thaw-mounted onto poly(lysine)-treated slides. Tissue sections
were then processed for cytochrome oxidase histochemistry.

Cytochrome Oxidase Histochemistry. Sections were incu-
bated in 100 mM sodium phosphate buffer (pH 7.4) with cytochrome
¢ (10 uM) and 3,3'-diaminobenzidine (1 mM) for 2 h at 37°C in the
dark. Sections were postfixed in 10% formalin (10 min), dehydrated
in graded alcohol, and coverslipped from xylene. Analysis of striatal
lesion volume of cytochrome oxidase-stained sections was performed
on a microcomputer based image analysis program (Imaging Re-
search, St. Catherines, Ontario, Canada) with area standards to
provide a calibration from which three-dimensional volume (cubic
millimeters) of the lesioned striatum was estimated.

Results

Exposure of neurons to excitotoxic concentrations of gluta-
mate (100 M) causes a decrease in Ay, that can be moni-
tored with the Ay, -sensitive fluorescent probe JC-1. A de-
crease in the ratio of JC-1 fluorescence emission at 590 nm
relative to the emission at 530 nm indicates Ay, depolariza-
tion (Fig. 1A). We have previously shown this depolarization
is mediated primarily by the NMDA subtype of glutamate
receptor and is Ca®*-dependent (White and Reynolds, 1996).
When tamoxifen (0.3 uM) was included during the glutamate
exposure (Fig. 1A), there was a notable attenuation of the
Ay, depolarization caused by glutamate. A protonophore
FCCP, which collapses the Ay, was added at the end of the
fluorescence recording and demonstrates a small additional
depolarization that was not affected by tamoxifen. A higher
tamoxifen concentration (20 pM) did not inhibit glutamate-
induced mitochondrial depolarization (Fig. 1B). We tested a
range of tamoxifen concentrations (0.001-20 M) on the glu-
tamate-induced Ay, depolarization (Fig. 1, A and B). As an
expression of the magnitude of the effect of tamoxifen, we
took the difference between the mean normalized JC-1 ratios
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after 5 min of exposure to glutamate (100 pM) in the presence
or absence of tamoxifen (Fig. 1C). The inhibitory effect of
tamoxifen on glutamate-induced Ay, depolarization was
maximal at 0.3 pM. Tamoxifen was less effective at concen-
trations higher or lower than 0.3 uM, suggesting an addi-
tional effect of higher tamoxifen concentrations on Ay,

We tested whether tamoxifen alone affected Ay, and found
no effect of tamoxifen at lower concentrations (<1 pM) and
an apparent increase in Ay, induced by higher tamoxifen
concentrations (10 or 20 uM) (Fig. 2A). Prolonged exposure to
a relatively high concentration of tamoxifen (100 uM) re-
sulted in an apparent Ay,, hyperpolarization followed by a
marked depolarization (Fig. 2B).

We tested whether tamoxifen inhibits glutamate receptor
activity as a possible mechanism of its inhibition of gluta-
mate-induced Ay, depolarization. Tamoxifen (0.3 uM) did
not inhibit glutamate-induced increases in [Ca®*]; measured
in indo-1-loaded neurons, indicating that tamoxifen does not
directly inhibit glutamate receptor activation (Fig. 3A). Spe-
cifically, the glutamate-induced (8 uM for 15 s) peak [Ca®*];
increase was 2.1 = 0.4 yM (n = 7 neurons) and 1.7 = 0.2 uM
in the presence of 0.3 uM tamoxifen (n = 7 neurons; not
significantly different from control, Student’s ¢ test). Tamox-
ifen (0.3 uM) also did not affect the rate of Ca®* recovery
from a longer, more intense glutamate stimulus (100 pM for
5 min) (Fig. 3C). The time required to recover to twice basal
Ca?* levels in Ca®?"-free HBSS was 47.1 = 9.5 min (n = 8
neurons) and 42.5 * 8.3 min in the presence of 0.3 puM
tamoxifen for the 2 min after glutamate exposure (n = 6
neurons; not significantly different from control, Student’s ¢
test). Agents that alter mitochondrial and plasma membrane
Ca?*-buffering mechanisms affect the rate of Ca®* recovery
after glutamate (White and Reynolds, 1995, 1997; Hoyt and
Reynolds, 1998; Hoyt et al., 1998). The lack of effect of ta-
moxifen on [Ca®*]; or on Ca®* recovery suggests that it does
not inhibit glutamate-induced Ay, depolarization because of
major alterations in [Ca®*]; handling in response to gluta-
mate.

It has been proposed that PTP activation is involved in the
neurotoxicity of glutamate receptor activation, so we were
interested to see whether tamoxifen had a neuroprotective
action. Tamoxifen (0.3 uM; present during and after gluta-
mate exposure) had no effect on the neuronal death caused by
glutamate (100 uM for 10 min) as measured by LDH release
from damaged neurons into the media during the 20 h after
glutamate exposure (Fig. 4A). Because tamoxifen has been
reported to rapidly induce apoptosis in neural cell lines, we
tested a higher concentration (100 uM) of tamoxifen alone on
neuronal viability and found that a 30-min exposure resulted
in significant cell loss expressed 20 h later (Fig. 4B). Contin-
uous exposure of neurons to 100 pM tamoxifen for 3 h also
caused an increase in the number of apoptotic nuclei visual-
ized with the fluorescent nuclear dye Hoechst 33342 from 3%
in controls to 23% for cells treated with tamoxifen, consistent
with previous findings in a neural cell line (Ellerby et al.,
1997). It appears, therefore, that a low concentration of ta-
moxifen does not protect cells from excitotoxic injury and
that high concentrations of tamoxifen are neurotoxic to pri-
mary cultured neurons.

We also tested whether tamoxifen was neuroprotective in
an in vivo model of excitotoxic neuronal death. Malonate, an
inhibitor of succinate dehydrogenase, causes metabolic inhi-
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Fig. 1. Tamoxifen inhibits glutamate-induced mitochondrial depolariza-
tion in neurons loaded with JC-1. A, application of 100 uM glutamate (l)
caused a decrease in the normalized 590:530 nm JC-1 emission ratio,
reflecting mitochondrial depolarization. Addition of 0.3 uM tamoxifen ((7)
during the glutamate exposure substantially reduced the extent of the
loss of Ay, caused by glutamate. Data represent the mean + S.E. of 54 to
70 neurons per condition. FCCP (750 nM), a protonophore that depolar-
izes Ay, was added at the end of the experiment for comparison. B, a
higher tamoxifen concentration (20 pM) did not inhibit the glutamate-
induced decrease in Ay, when included during the glutamate exposure.
Data represent the mean + S.E. of 51 to 61 neurons per condition. C,
concentration dependence of the inhibition of glutamate-induced mito-
chondrial depolarization by tamoxifen. Data are expressed as the differ-
ence between the normalized JC-1 ratio for tamoxifen-treated versus
untreated cells after 5 min of glutamate exposure. Because these data
points are not paired, we cannot calculate individual standard error
values for these data. As an indication of variability, we report that the
range of the standard error for the data points from which the differences
were calculated was 0.018 to 0.025 normalized JC-1 fluorescence units.
As the tamoxifen concentration was increased, there was a decrease in
the inhibitory effect on glutamate-induced depolarization. Data were
collected from a total of 41 to 70 neurons.
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Fig. 2. Tamoxifen, at relatively high concentrations, increases the appar-
ent Ay, A, a range of tamoxifen concentrations was tested on the Ay, in
JC-1-loaded neurons. Concentrations of tamoxifen <1 uM had little di-
rect effect on Ay, whereas higher concentrations (>10 uM) caused an
increase in the JC-1 ratio, presumably reflecting an increase in Ay, Data
represent the mean *= S.E. of 21 to 41 neurons per condition. B, a
prolonged exposure to tamoxifen (100 uM) causes an increase in the Ay,
followed by a pronounced decrease in Ays,. Data represent the mean *
S.E. of 14 neurons from a single culture date and are representative of
data collected from a total of three experiments.

bition and neuronal damage when injected into the striatum
(Fig. 5A). Glutamate receptor antagonists inhibit this neuro-
nal damage, reflecting an excitotoxic component of this neu-
ronal injury (data not shown) (Greene and Greenamyre,
1995; Schulz et al., 1996). Tamoxifen (2 mg/kg i.p. 2 h before
and 4 h after striatal malonate injection) did not reduce the
volume of the striatal lesion (Fig. 5B). Doses of tamoxifen
from 1 to 20 mg/kg were tested and none prevented the
striatal damage caused by malonate (Fig. 5C).

Discussion

We found that glutamate (100 uM) causes a robust mito-
chondrial depolarization that is partially inhibited by tamox-
ifen. The maximum inhibitory concentration of tamoxifen
was 0.3 uM, with concentrations higher and lower than 0.3
uM being less effective. Tamoxifen (0.3 uM) did not inhibit
glutamate receptor-activated increases in intracellular Ca®*,
suggesting that it does not directly inhibit receptor activa-
tion, nor does it appear to inhibit [Ca®"]; buffering after a
glutamate stimulus. Therefore, a decrease in glutamate-in-
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Fig. 8. Tamoxifen did not inhibit glutamate-induced increases in [Ca®*];.
A, indo-1-loaded neurons were exposed to 15-s pulses of 3 uM glutamate/1
pM glycine (arrows). When tamoxifen (0.3 uM) was included before and
during the glutamate stimulus, there was no alteration in the [Ca%*],
increase induced by glutamate. Data are representative of Ca®* traces
collected from seven neurons. B, tamoxifen does not affect [Ca?*]; recov-
ery after a glutamate stimulus. Neurons were exposed to 100 uM gluta-
mate/1 uM glycine for 5 min and then immediately exposed to Ca®*-free
HBSS or tamoxifen (0.3 uM) in Ca?*-free HBSS for 2 min immediately
after glutamate exposure. Note that there is no apparent effect of tamox-
ifen on the rate or shape of the [Ca®*]; recovery. Data are representative
of Ca?* traces collected from five to seven additional neurons.

duced [Ca®*]; levels by tamoxifen is unlikely to explain the
inhibitory effect of tamoxifen on mitochondrial Ay, depolar-
ization.

Tamoxifen did not completely inhibit glutamate-induced
Ay, depolarization. This is similar to what we have previ-
ously reported for other PTP inhibitors, namely, cyclosporin
A, trifluoperazine, and dibucaine (White and Reynolds, 1996;
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Fig. 4. Effects of tamoxifen on neuronal viability and on excitotoxicity in
vitro. A, tamoxifen (0.3 pM) does not inhibit glutamate-induced neuronal
death. Neurons were exposed to 100 uM glutamate for 10 min in the
presence or absence of 0.3 uM tamoxifen, and neuronal death was as-
sessed 20 h later by LDH release into the media as a measure of neuronal
damage. Tamoxifen treatment did not significantly change glutamate
neurotoxicity (P > .05). *P < .01, significantly different from untreated
control, ANOVA with Bonferroni correction for multiple comparisons. B,
a relatively high concentration of tamoxifen (100 M) causes neuronal
death. Neurons were exposed to 100 uM tamoxifen for 30 min and LDH
release was assayed 20 h later. Data represent the mean * S.E. collected
from at least three culture dates. *P < .01, significantly different from
untreated control, Student’s ¢ test.

Hoyt et al., 1997; Scanlon and Reynolds, 1998). This may be
a matter of time of onset of action of the particular drug, or its
duration of action. There are other Ca®*-stimulated effects
on mitochondria in addition to activation of the PTP that
would result in dissipation of Ay, including mitochondrial
Ca®* cycling (Nicholls and Akerman, 1982) and ATP synthe-
sis. Because we are not measuring PTP activation directly
and are unable to do so as yet in intact neurons, we cannot
differentiate between PTP activation and other direct effects
of glutamate receptor activation on Ays,. Therefore, defini-
tive conclusions about the role of PTP activation in gluta-
mate-induced mitochondrial depolarization cannot be drawn
from the results presented herein. The numerous additional
effects of these agents on other cellular signal transduction
mechanisms such as calcineurin, calmodulin, and protein
kinase C complicate the interpretation of effects of these
drugs (Levin and Weiss, 1979; Liu et al., 1991; Rowlands et
al., 1995; Gundimeda et al., 1996).
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Fig. 5. Tamoxifen does not inhibit formation of striatal lesions induced by
malonate. A, injection of malonate into the rat striatum induces a lesion
that was visualized 7 days postinjection by staining for cytochrome oxi-
dase. B, treatment with 2 mg/kg tamoxifen 2 h before and 4 h after
malonate injection did not decrease the size of the malonate-induced
lesion. C, a range of tamoxifen doses (1-20 mg/kg) did not protect against
striatal malonate lesion formation. Data represent the mean = S.E.
collected from 3 to 13 rats per condition.

The lack of inhibition of glutamate-induced depolarization
by tamoxifen at higher concentrations is puzzling. It is pos-
sible that at lower concentrations, tamoxifen has a relatively
selective effect on glutamate-mediated Ay, depolarization,
whereas at higher concentrations, its membrane-disruptive
effects interact with the glutamate-induced mitochondrial
dysfunction, leading to a lack of inhibition at these tamoxifen
concentrations. These higher tamoxifen concentrations
caused an increase in Ay,,. It is possible that tamoxifen
affects one of a number of mitochondrial functions that could
result in hyperpolarization. Among these possibilities are
inhibition of the mitochondrial Na*/Ca®* exchanger, the
F,F-ATPase or a direct ionophore effect similar to nigericin
(White and Reynolds, 1996; Hoyt et al., 1997), or inhibition of
spontaneous depolarizing events (Duchen et al., 1998). These
possible mechanisms remain to be tested. High micromolar
concentrations of tamoxifen induce rapid apoptotic death in
neural cell lines (a finding that we confirmed in our primary
cultures) (Ellerby et al., 1997; Hashimoto et al., 1997). The
inability of tamoxifen-primed mitochondria to initiate apo-
ptosis in naive cell extracts suggests that nuclear or cell
membrane associated caspases mediate the major component
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of tamoxifen-induced programmed cell death (Ellerby et al.,
1997).

Cyclosporin A inhibits glutamate-induced neuronal death
in vitro, although the interpretation of the mechanism of this
neuroprotective effect is complicated by the multiple effects
that cyclosporin A has on cellular function, including inhibi-
tion of PTP as well as calcineurin activation (Dawson et al.,
1993; Ankarcrona et al., 1996; Schinder et al., 1996; White
and Reynolds, 1996). Because tamoxifen inhibited gluta-
mate-induced Ay, depolarization in a manner similar to that
of cyclosporin A, we were interested to see whether tamoxifen
protected neurons from glutamate-induced injury. Tamox-
ifen did not inhibit glutamate-induced neuronal death, sug-
gesting that PTP activation is not a major contributor to the
death caused by glutamate and that other actions of cyclo-
sporin A explain its neuroprotective effect. We also tested
whether tamoxifen could lessen the neuronal injury caused
by excitotoxic injury to the striatum in an intact animal.
Tamoxifen was not an effective inhibitor of striatal injury at
the doses tested (1-20 mg/kg). Clinical doses of tamoxifen in
humans are 0.4 to 0.8 mg/kg, causing an acute serum con-
centration of ~0.07 uM and chronic (after 3 months) steady-
state concentrations of ~0.2 uM (Physicians’ Desk Reference,
1997). Because tamoxifen is very lipophilic, it is likely that
tissue concentrations are higher than the serum concentra-
tion. It is possible that a higher and more prolonged tamox-
ifen exposure than used herein would be neuroprotective.
The lack of effect in primary culture argued against further
testing this in vivo.

The inhibition of glutamate-induced mitochondrial depo-
larization by tamoxifen is consistent with its reported action
as an inhibitor of PTP activation, although processes other
than PTP activation may explain the decrease in Ay, caused
by glutamate receptor activation. Given the lack of specificity
of tamoxifen and other PTP inhibitors and the difficulties in
measuring PTP in intact cells, conclusions about the role of
PTP in glutamate-induced mitochondrial depolarization and
excitotoxic injury are not yet possible and await the develop-
ment of selective PTP inhibitors, as well as a reliable assay
for PTP activation in intact cells.
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Abstract: MitoTracker dyes are fluorescent mitochondrial markers that covalently bind free
sulfhydryls. In this study, we investigated the impact of alterations in mitochondrial membrane
potential (A¥,,) and oxidant stress on MitoTracker staining in mitochondria in primary cultures of
neurons and astrocytes. FCCP significantly decreased MitoTracker loading, except in the case of
MitoTracker Green in neurons and MitoTracker Red in astrocytes. Treatment with FCCP after
loading increased fluorescence intensity and caused a relocalization of the dyes. The magnitude of
these effects was contingent on which MitoTracker, cell type and dye concentration were used.
Oxidative stress induced by H,O, pretreatment appeared to increase the fluorescence intensity of
MitoTracker Orange and Red in neurons and MitoTracker Green in astrocytes. Exposure to H,O,
following loading increased MitoTracker Red fluorescence in astrocytes. Moreover, the
MitoTracker dyes, at high concentrations, uncoupled respiration in state 4 (20-50%) and inhibited
maximal respiration (30-40%). Thus, loading and mitochondrial localization of the MitoTracker
dyes can be influenced by loss of AWy, and increased oxidant burden. These dyes can also directly
inhibit respiration. Thus, care must be taken in interpreting data collected using MitoTrackers dyes
as these dyes have several potential limitations. Although MitoTrackers may have some value in
identifying the location of mitochondria within cultured neurons and astrocytes, their sensitivity to

A¥., and oxidation negates their use as markers of mitochondrial dynamics in healthy cultures.

Key Words: Fluorescence imaging — mitochondria ~ oxidative stress

Running Title: MitoTrackers in neurons and astrocytes




There is an emerging appreciation for a role of mitochondria in excitotoxic injury pathways
as well as injury mechanisms manifested as apoptotic or necrotic death processes. The development
of novel mitochondrion-specific fluorescent dyes is necessary to explore the significance of
mitochondria in these cell death pathways. Although some mitochondrial fluorescent probes are
available that allow the assessment of mitochondrial membrane potential (A¥r,), most fluorescent
dyes that measure ions, such as calcium, magnesium and zinc, or reactive oxygen species (ROS)
generation and pH are not specific to mitochondria. Moreover, dyes that can detect activity at the
elusive permeability transition pore (PTP) in cultured neurons are currently unavailable.

The MitoTracker dyes, developed commercially by Molecular Probes (Eugene, OR), are
structurally novel fluorescent probes that have been used to measure A¥, (15), A¥-independent
mitochondrial mass (13) and photosensitisation (18). The MitoTracker dyes (MitoTracker Green
FM, MitoTracker Orange CMTMRos, MitoTracker Red CMXRos) contain chloromethyl moieties
that are thought to react with free sulfhydryls within the cell. MitoTracker Green has been
suggested to be A¥-insensitive and capable of loading and remaining within depolarized
mitochondria, which implies that it would be an exceptional tool of assessing mitochondrial mass
(22). MitoTrackers Orange and Red are positively charged rosamine derivatives that are rapidly
taken up into the negatively charged mitochondria, suggesting that their loading would be
dependent on A%, but their localization should be mitochondrial specific. However, MitoTracker
Orange and Red, at least in their reduced state, may be strongly influenced by the presence of ROS
(20, 21) and MitoTracker Orange may directly inhibit the respiratory chain at complex I and induce
permeability transition (PT) (24). All three MitoTracker probes are believed to be fixable due to the
membrane-impermeant dye complex that is created when the dyes enters the mitochondria.
However, the sensitivity of these dyes to A¥, and oxidant status and their permeability through the

mitochondrial membrane has not been fully explored in unfixed cultured neurons and astrocytes.




Our laboratory is interested in identifying fluorescent dyes that can specifically label
mitochondria in the central nervous system under a variety of conditions. The aim of the present
study was to characterize the MitoTracker dyes in primary forebrain neurons and astrocytes to
determine their dependency on A¥y, and oxidant status, especially given the widespread interest in
using these dyes as fixable markers of AY,, In addition, we addressed whether the MitoTrackers
altered respiratory chain activity in isolated brain mitochondria to determine whether these dyes

altered mitochondrial physiology.

MATERIALS AND METHODS
Cell culture

All procedures were in strict accordance with the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the University of Pittsburgh’s Institutional Animal Care
and Use Committee. Primary forebrain neurons were prepared as previously described (25).
Briefly, forebrains from embryonic day-17 Sprague Dawley rats were removed and dissociated.
Cells were plated on poly-D-lysine coated 31mm glass coverslips at a density of 450,000/ml
(1.5mls/coverslip) and inverted after 24 hours to decrease glial growth. Experiments were
performed when cells were 14 - 17 days in culture.

Primary forebrain astrocytes were prepared as described by McCarthy and DeVellis (17)
with minor modifications. Briefly, forebrains from postnatal day-1 Sprague Dawley rats were
dissociated and plated in 75cm? plastic flasks at a density of 860,000 cells/ml (10mls/flask). Media
was changed every other day. Cells were grown to the point of confluency, at which point the
flasks were orbitally shaken for 15-18 hours at 37°C. Adherent cells were then plated onto poly-D-

lysine coated 31mm glass coverslips and fed every other day and used for up to 5 days in culture.




Solutions

Coverslips were perfused with a HEPES-buffered salt solution (HBSS) with (in mM): NaCl
(137), KCl (5), NaHCO:; (10), HEPES (20), glucose (5.5), KH,PO4 (0.6), Na,HPO4 (0.6), CaCl,
(1.4), MgS0,4 (0.9), pH adjusted to 7.4 with NaOH. The protonophore and mitochondrial uncoupler
carbonyl cyanide p-(trifluoromethoxy) phenyl-hydrazone (FCCP) was used at a concentration of
750nM (diluted in HBSS from a 750uM stock in methanol). Hydrogen peroxide (H>03) was diluted
in HBSS to concentrations ranging from 10uM — 3mM (from a 30% w/w stock solution).
Oligomycin was used at a 2uM concentration (diluted from a 10mM stock in methanol).

Fluorescence imaging

For all experiments, individual coverslips were rinsed twice in HBSS and loaded with 10 —
500nM concentrations of MitoTracker Green FM, MitoTracker Orange (CMTMRos) or
MitoTracker Red (CMXRos) (Molecular Probes, Eugene, OR) for 15 minutes at 37°C. Dyes were
diluted in HBSS from a 1mM stock in anhydrous dimethyl sulfoxide. The coverslips were rinsed
for 15 minutes in HBSS at room temperature. These loading parameters were tested for maximal |
loading without redistribution.

Experiments were performed at room temperature on two light microscope-based imaging
systems with 40x quartz objective. Cells were illuminated using a Xenon lamp-based
monochromator (Photonics, Germany) and light detected using a CCD camera. Data acquisition
was controlled using Simple PCI sofiware (Compix, Cranberry, PA). Cells were illuminated with a
490nm, 550nm or 575nm light depending on the dye and incidence light was attenuated with neutral
density filters (Omega Optical, Brattleboro, VT). Emitted fluorescence from MitoTracker Green
was passed through a 500 or 515 long pass (LP) dichroic mirror and a 535, 25 band pass (BP) or
535, 40BP emission filter (depending on the imaging system used). For MitoTracker Orange, a 570

or 575LP dichroic and a 590, 35BP or 605, 35BP emission filter was used. For MitoTracker Red, a




590LP dichroic with a 600LP emission filter was used. Coverslips were placed on the microscope
stage, a field of cells (with at least 10 viable neurons or 5 viable astrocytes in the field) was chosen
and a bright field image was captured. From this image, cell bodies were circled and used as
regions of interest from which cellular fluorescence intensity was measured. Three small cell-free
regions on the coverslip were also chosen to assess background fluorescence intensity. Images were
collected once every 15 seconds for baseline and once every 5 seconds for the remainder of the
experiment. Data were collected as background subtracted fluorescence intensity. All experiments
were performed on at least 3 different culture dates and data were averaged. For most experiments,
data were converted to percent baseline or percent of untreated control. Where pertinent, data were
statistically analyzed using a two-tailed t-test or a one-way ANOVA and a Dunnett post-hoc test
(when p<0.05).
FCCP experiments

To determine the effect of A¥y, depolarization on MitoTracker-loaded cells, individual
coverslips were loaded with 10 — 500nM concentrations of MitoTracker dye (Green, Orange or
Red) and imaged to observe changes in the intensity and/or pattern of fluorescence. Coverslips
were perfused with HBSS for 5 minutes, with FCCP (750nM) for 5 minutes, and then with HBSS
again for 5 minutes. The effect of A¥r, on loading was assessed by comparing fluorescence
intensity (over 5 minutes, 1 frame/15 seconds) from coverslips incubated with 50nM MitoTracker
alone to coverslips incubated in 750nM FCCP + 50nM MitoTracker.
H,0; experiments

As with the FCCP experiments, the effect of an oxidant burden on pre-loaded cells was
tested by loading coverslips with 50nM MitoTracker dye and imaging. Coverslips were perfused
with HBSS, H,0; (500uM in neurons, 3mM in astrocytes) and HBSS again. The effect of an

oxidant burden on loading was assessed by incubating coverslips in HO, (10pM - 500uM in




neurons, 500pM — 3mM in astrocytes) for 15 minutes, then immediately loading 50nM MitoTracker
dye (Green, Orange or Red) and imaging for 5 minutes.
Isolated brain mitochondria preparation

Rat brain mitochondria were isolated according to Rosenthal et al. (23). Briefly, a rat
forebrain was removed, homogenized and suspended in 10mls of isolation buffer (pH 7.4,
containing 225mM mannitol, 75mM sucrose, 1 mg/ml BSA, ImM EDTA, 5SmM HEPES-KOH).
The brain homogenates were subjected to differential centrifugation and the final suspensions
contained a heterogeneous population of synaptosomal and non-synaptosomal mitochondria.
Protein concentration in the mitochondrial suspensions was determined according to Bradford (5).
Only mitochondria that had a respiration ratio of 6 or higher (phosphylating state 3 to resting state 4
with glutamate and malate as substrates) were used.
Respiratory experiments

Mitochondrial respiration rates were measured polarographically at 37°C with a Clark
oxygen electrode (Yellow Springs Instrument Co., Yellow Springs, OH) in a buffer containing
125mM KCl, 2mM K,HPO,, 4 mM MgCl,, 3mM ATP, 5SmM glutamate, SmM malate, SmM
HEPES-KOH (pH 7.0). This buffer exhibits similarities to the intracellular environment and is
believed to decrease the probability of PT (1, 2). Energized brain mitochondria (0.25mg
protein/ml), oligomycin (2uM) and the MitoTracker dyes (at concentrations of 50nM (low) or
3.12uM (high) concentrations) were incubated in a 1.6ml water-jacketed glass chamber (Gilson,
Middletown, WI). The experiment was initiated in an open chamber (to maintain oxygen
concentration close to saturation) and mitochondrial suspension was stirred at 37°C for 10 minutes.
The chamber was then sealed, state 4 (resting) respiration was measured and 1 minute later the
uncoupling agent, FCCP (200nM) was added and the rate of uncoupled (maximal) respiration was

determined.




Data were collected as nanograms of oxygen atoms consumed per minute per milligram of
protein. Data were then transformed into percent of control respiration (in the absence of
MitoTracker dye) and three separate one-way ANOV As (for each MitoTracker dye), comparing
respiration in control mitochondria to that in mitochondria incubated with the low and high

concentration of dye. A Bonferroni post-hoc test was performed when p < 0.05.

RESULTS

FCCP-induced changes in dye labeling

All three MitoTrackers labeled neurons and astrocytes in a punctate fashion anticipated for a
mitochondrion-specific dye. Staining was typically observed in perinuclear regions and processes,
while the nucleus was typically devoid of staining (Fig. 1A & B, top panels). The fluorescence
intensity of the MitoTrackers was concentration dependent with maximal staining seen with 200-
500nM (data not shown). To determine the effect of A¥y, on fluorescence intensity, we loaded cells
with different dye concentrations and then exposed the cells to FCCP. At high concentrations, the
MitoTracker dyes showed an increase in fluorescence intensity upon loss of A¥r, suggesting that
they become so tightly packed within mitochondria at these concentrations that fluorescence
intensity is underestimated due to the phenomenon of quenching (see discussion). MitoTracker
Green showed the smallest increase in fluorescence intensity during treatment with FCCP, however,
in both neurons and astrocytes, no return to baseline was observed during a 5-minute wash period
(Fig. 2A, D). MitoTracker Orange showed the most robust increase in fluorescence intensity in
neurons and this was observed at concentrations of SOnM-500nM. A slow, delayed decrease in
fluorescence was observed during the wash period, suggesting re-sequestration as mitochondria
repolarize (Fig. 2B, E). MitoTracker Red showed variability in the time course of the FCCP-

induced increases in fluorescence, however every concentration of MitoTracker Red tested was




influenced by mitochondrial depolarization. In addition, a rapid return to basal fluorescence was
observed during the recovery period (Fig. 2C, F). All three MitoTrackers showed a diffusion of
fluorescence upon mitochondrial depolarization (Fig. 1A & B, bottom panels). Interestingly, the
redistribution of dye was apparent even when there was no overall change in fluorescence intensity.
Taken together these data suggest that MitoTrackers are membrane-permeable and diffuse out of
mitochondria during a depolarizing stimulus. It also appears that MitoTrackers, at concentrations as
low as 25nM (in MitoTracker Red), are quenched in mitochondria as evidenced by the increase in
fluorescence signal seen when the dyes are released from mitochondria and by the decrease when
they are re-sequestered.
FCCP-induced changes in dye loading

A concentration of 50nM, the lowest concentration thaf feiiably gave a good signal:noise
ratio, was used for all MitoTrackers in this experiment. Neurons or astrocytes were loaded with
MitoTracker dyes alone or in the presence of 750nM FCCP. This concentration of FCCP has been
shown to result in a profound, but reversible depolarization of the A¥r, (26). In neurons,
MitoTracker Green appeared to load equally well into polarized or depolarized mitochondria,
however MitoTracker Orange and Red showed considerably lower fluorescence intensity when
loaded into neurons treated with FCCP (Fig. 3A). In astrocytes, MitoTracker Green loading
appeared to depend on the A%, with lower fluorescence intensity observed in the presence of
FCCP. Similarly, MitoTracker Orange loading into astrocytes was compromised when
mitochondria were depolarized. In contrast, MitoTracker Red appeared to load into astrocytic
mitochondria regardless of A%¥y, (Fig. 3B). A less punctate label (vs. Fig. 1A & B, upper panels)
was observed under these loading conditions, except with MitoTracker Red in astrocytes (Fig. 4).
These data reflect the different loading behaviors of the MitoTrackers and point to the significance

of cell model for the appropriate use of these dyes.




H,0:-induced changes in dye loading

Cells were incubated with H,O, for 15 minutes prior to loading with 50nM MitoTracker in
order to induce an oxidant stress. The chloromethyl moieties of the MitoTracker dyes have been
suggested to react with free sulfhydryls (11). Thus, we expected an oxidative stress to change the
loading and stability of the MitoTrackers labeling. However, comparison of the means and standard
deviations of fluorescence intensity following pretreatment showed that MitoTracker Green in
neurons (Fig. 5A), MitoTracker Orange and Red in astrocytes (Fig. SE, F) were insensitive to
oxidative stress. The large variability seen with several concentrations of H,O, tested typically
resulted from single outlying points. Small, but reliable increases in fluorescence intensity were
observed with MitoTracker Green in astrocytes (1-3mM H,0,, Fig. 5D) and MitoTracker Orange
and Red in neurons (all concentrations, Fig. 5B, C). The changes in fluorescence intensity did not
correlate with a relocalization of the dyes (Fig. 6), in that H,O, increased fluorescence intensity
without the migration of the dye into parts of the cell not normally labeled. This may be consistent
with an alteration of the interaction of the dyes with cellular sulfhydryl moieties.
H,0;-induced changes in dye labeling

Neurons and astrocytes were loaded with 50nM MitoTracker dye and imaged for 5 minutes
to achieve stable baseline fluorescence. Neurons were then treated with 500uM H,0, for 5 minutes
and the intensity of fluorescence was measured. MitoTracker Green was unaffected by treatment
with H,O; and MitoTracker Orange and Red fluorescence were only very modestly increased by
this short-term oxidative stress, with no return to baseline observed. In astrocytes treated with 3mM
H,0,, only MitoTracker Red fluorescence was increased (Fig. 7). No apparent relocalization of the
dyes was observed (data not shown). These data suggest that once MitoTrackers, especially
MitoTracker Green, are loaded into primary neuronal or astrocytic cultures, they are only mildly

influenced by a change in the production of ROS and/or oxidation of sulthydryl groups. However,
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the effect of a longer exposure to H,O, (i.e. 15 minutes) may be necessary to see the more profound
effect seen during pretreatment with H,O,.
Respiration in isolated brain mitochondria

Isolated rat brain mitochondria were incubated in the presence of 50nM or 3.12pM
MitoTracker Green, Orange or Red and state 4 (resting) and uncoupled (maximal) respiration were
recorded. Since dye distribution in the mitochondrial suspensions is not in equilibrium,
MitoTracker concentrations were determined based on uM of dye per mg of mitochondrial protein
(50nM = 0.8uM/mg protein and 3.12uM = 12.5uM/mg protein). Initially mitochondria and the
fluorescent dyes were incubated for 2-4 minutes prior to uncoupling, however there was no
inhibition seen at either concentration tested (data not shown). Because the MitoTrackers contain
sulfhydryl -reactive moieties they may bind more slowly, therefore we extended the incubation time
to 10 minutes. Under these conditions, high concentrations of MitoTracker Green (3.12uM)
significantly increased both resting and maximal respiration rates (Fig. 8), suggesting its ability to
uncouple respiratory chain activity from ATP synthesis. MitoTracker Orange did not significantly
impact respiration rate, however it exhibited trends towards increased state 4 respiration rate (p =
0.07) and decreased maximal respiration rate (p=0.13) (Fig. 8). MitoTracker Red exhibited a trend
towards increased resting respiration rate (p=0.09) and significantly decreased the rate of maximal
respiration rate (at 3.12pM, but not at S0nM). Taken together, these data suggest that all of the

MitoTracker dyes are capable of inhibiting normal mitochondrial respiration at pM concentrations.

DISCUSSION
The MitoTracker dyes are being used with increasing frequency for morphological and
functional measurements of mitochondria. While the pattern of their fluorescence strongly suggests

mitochondrial specificity, parameters that influence their loading and/or labeling are still
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controversial and have not been fully explored in neural cells. For example, reports that during
apoptosis the release of cytochrome ¢ can occur independent of changes in mitochondrial membrane
potential have been partially based on the lack of change in MitoTracker Orange fluorescence
(which was being used as a A¥y, sensor) during cytochrome c release (3, 8, 14). However, the
present experiments suggest that there are numerous factors to consider prior to using the
MitoTracker dyes and, in agreement with Scorrano et al. (24), that these aforementioned data must
be interpreted with caution. We have noted that not only are MitoTracker Green, Orange and Red
different from one another, but also that each MitoTracker behaves differently in neurons and
astrocytes.

For all three MitoTrackers, in both neurons and astrocytes, a concentration of 50nM was
sufficient to produce a bright, punctate label that appears to be associated with mitochondria.
However, at this concentration, neurons and astrocytes treated with FCCP during or after loading
showed a diffusion of the dye into the cytoplasm, nucleus and/or other organelles. In human
osteosarcoma cells, a redistribution of MitoTracker Green was observed following a 30-minute
treatment with another uncoupler, CCCP (18). However, these authors used high-resolution
confocal microscopy and the observed redistribution appeared to coincide with mitochondrial
swelling, not diffusion into cytoplasm (18). Whether this observation is associated with confocal
versus light microscopy or osteosarcomas versus primary neurons and astrocytes is unclear.

In addition to a relocalization of fluorescence observed in association with mitochondrial
depolarization, an increase in fluorescence intensity was frequently seen, especially at higher
concentrations and most intensely with MitoTracker Orange (Fig. 2). We have interpreted this
increased fluorescence as an unquenching of dye. Quenching occurs as the result of molecular
interactions that inhibit the ability of a fluorophore to emit a photon. For example, rhodamine dyes

aggregate based on A¥'r, but these aggregates are non-fluorescent due to quenching. Quenching
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becomes most apparent with these rhodamine dyes when the mitochondria are depolarized and the
intensity of fluorescence dramatically increases (6). It is possible that MitoTrackers aggregate
within mitochondria without truly quenching, however due to the similarities of the current
observations with those seen with rhodamine derivatives we are tentatively referring to this
phenomenon as quenching.

MitoTracker Green: MitoTracker Green is now commonly being used for measurement of
mitochondrial shape changes, mass or swelling (4, 9, 13, 18, 19). At low concentrations (< 50nM),
MitoTracker Green may be useful for these measures, however several features of this dye must be
acknowledged prior to use. There are cell type- and.concentration-specific differences in
MitoTracker Green labeling. At 50nM, MitoTracker Green loading appeared A%V and oxidation-
sensitive in astrocytes, but not neurons. At concentrations greater than 50nM, MitoTracker Green
exhibits a tendency to quench and, upon depolarization, exhibits an irreversible increase in
fluorescence. Moreover, in isolated brain mitochondria, uM concentrations of MitoTracker Green
appeared capable of acting as an uncoupler and inhibiting respiration. Taken together, the present
data support the use of MitoTracker Green at low concentrations for assessing mitochondrial size,
localization and structure. However, determination of the appropriate concentration of MitoTracker
in individual cell models will be necessary for interpretable results.

MitoTracker Orange: MitoTracker Orange has been used as a marker for A%y, (16) and, in
its reduced form, as a marker for ROS generation (12). Recently, Scorrano et al. (24) characterized
this dye in MH1C1 rat hepatoma cells and in agreement with the present findings, found that the
fluorescence was punctate and stable. However, in their cell model, a redistribution of the dye was
observed following pretreatment with agents that decrease free sulfhydryls, but not with FCCP. In
the present paper, pretreatment with FCCP, but not H,0,, caused a redistribution of MitoTracker

Orange into neuronal and astrocytic cultures. H,O, pretreatment, however, did appear to increase
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MitoTracker Orange fluorescence in neurons, but not astrocytes. Moreover, Scorrano et al. (24) did
not observe quenching or relocalization of MitoTracker Orange when cells were treated with FCCP
following loading. In our experiments, neurons and astrocytes treated with FCCP following loading
showed increased fluorescence intensity (suggestive of quenching) as well as a relocalization of
fluorescence. In isolated rat liver mitochondria, MitoTracker Orange inhibited complex I of the
respiratory chain, induced PT and caused depolarization, swelling and the release of cytochrome ¢
in liver mitochondria (24). However, in isolated brain mitochondria, we did not observe inhibition
of complex I by MitoTracker Orange, even at concentrations exceeding 3uM. Again, these
observed differences suggest that care must be taken in extrapolating MitoTracker data obtained in
different cell models. In addition, MitoTracker Orange should be used with caution and that the
interpretation of data with MitoTracker Orange must consider their effects on mitochondrial
function and their sensitivity to A%, and free sulfhydryls.

MitoTracker Red: MitoTracker Red has been utilized as a A¥y,-sensitive dye, since being
reported as one by Macho et al. (15). The linearity between A¥, and MitoTracker Red
fluorescence has been brought into question due to thiol binding of MitoTracker Red (7, 20). It
seems unlikely that this dye would offer advantages over JC-1, TMRE or rhodamine 123 for
assessing A¥,,. However, MitoTracker Red can be fixed and maintain a mitochondrial-specific
localization, as observed in double labeling experiments with cytochrome ¢ oxidase (22). Gilmore
et al. (10) used flow cytometry to show that MitoTracker Red was A¥-sensitive because it
decreased with depolarizing stimuli, but it could not reliably indicate AWy, at the time of fixation.
Moreover, MitoTracker Red has been implicated as a mitochondrial-specific photosensitiser, due to
the laser-induced mitochondrial damage observed in osteosarcomas (18). In light of these
observations, clear understanding of how MitoTracker Red influences neuronal and astrocytic

mitochondria is necessary. In the present experiments, the loading of MitoTracker Red appeared
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AY¥ ;- and oxidant-dependent in neurons, but not astrocytes. Following loading, MitoTracker Red
fluorescence relocalized during mitochondrial depolarization and increased following treatment
with FCCP and H,0; in astrocytes, and to a lesser degree, neurons. It also appears to inhibit normal
respiratory activity through complex 1. These data illustrate that MitoTracker Red loading, stability
and mitochondrial localization is contingent on cell type, A%y, ROS and/or free sulfhydryl groups.
Therefore, in addition to being less than ideal as a A¥,, marker, MitoTracker Red seems incapable
of functionally characterizing mitochondria in intact cells and should be used only as a marker for
the localization of normal, energized mitochondria.

To determine whether MitoTracker dyes directly influenced bioenergetics, isolated rat brain
mitochondria were examined for resting and uncoupled (maximal) respiration rates through complex I
in the presence of the different MitoTrackers. We observed that MitoTracker Green acted as both a
weak uncoupler and inhibitor of respiration and MitoTracker Red significantly decreased the rate of
maximal respiration. MitoTracker Orange showed similar trends. These data suggest that the
MitoTracker dyes are capable of inhibiting normal mitochondrial respiration at uM concentrations.
Previously, MitoTracker Orange was found to inhibit complex I in isolated liver mitochondria and was
observed to induce PT and swelling and release cytochrome c (24). In the present experiments, a
respiration buffer containing physiological concentrations of Mg®" and ATP and an acidi¢ pH (7.0)
was used to minimize the likelihood of PT. The opening of the PTP can lead to the loss of respiratory
substrates, such as NADH, as well as cytochrome c, thereby confounding the assessment of the
MitoTracker dyes on respiratory chain activity. Moreover, since the MitoTracker dyes are sulfhydryl
agents, they may increase the probability of opening the PTP (27). We therefore designed the
respiration experiments to enhance a straightforward assessment of respiratory chain activity through
complex I and did not test the MitoTracker dyes’ ability to induce transition. In keeping with

Scorrano et al. (24), however, we performed preliminary experiments in isolated liver mitochondria
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and observed inhibition of respiration with MitoTracker Red, and to a lesser extent with MitoTracker
Orange (data not shown).

There are clearly some potential limitations to the present studies. The resolution obtainable
with wide-field microscopy precludes the ready assessment of the fluorescence signal at the single
mitochondrion level, so that relocalization of dye is difficult to quantitatively measure. Indeed, it is
even difficult to conclusively establish that the punctate staining that we have observed is associated
with mitochondria, because any correlative co-staining approach would also require assumptions
about the localization of the co-stain. We are also unable to monitor the impact of permeability
transition on the localization of the dyes because of the lack of an unequivocal method for inducing
robust and measurable transition in intact neurons or astrocytes. Nevertheless, the characterization
provided by this study will help to establish suitable methods for the use of these dyes, and suggests

caution when using the MitoTrackers for even a semi-quantitative determination of A¥p,
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FIG. 1: Representative micrographs of fluorescence intensity and distribution of the MitoTracker
dyes prior to and during treatment with FCCP in (A) primary neurons and (B) astrocytes. In both
(A) and (B), the upper row of images shows baseline fluorescence in cells loaded with 50nM
MitoTracker Green, Orange and Red (from left to right). The lower row of images shows
fluorescence in cells treated with a mitochondrial depolarizing stimulus (images collected after

approximately 3 minutes of FCCP treatment).

FIG. 2: Intensity of MitoTracker fluorescence during mitochondrial depolarization. (A-C) Primary
neurons and (D-F) astrocytes were loaded with S0nM MitoTracker (A, D) Green, (B, E) Orange or
(C, F) Red and the fluorescence intensity was measured. Baseline fluorescent images were
recorded for 5 minutes, then the MitoTracker response to a depolarizing concentration (750nM) of
the uncoupling agent, FCCP was measured for 5 minutes. Following treatment, cells were allowed

to recover for 5 minutes. Data are presented as percent of baseline fluorescence intensity.

FIG. 3: Effect of mitochondrial depolarization on MitoTracker loading. (A) Neurons and (B)
astrocytes were loaded with 50nM MitoTracker dye in the presence of 750nM FCCP and the
fluorescence intensity (averaged over 5 minutes) was compared to cells loaded without FCCP. The
loading of MitoTracker Green (MTG) in astrocytes, MitoTracker Orange (MTO) in neurons and
astrocytes and Red (MTR) in neurons was sensitive to Ay, as evidenced by the signi-ﬁcant
decrease in fluorescence intensity when FCCP was present. Unpaired t test revealed that in
neurons: MTG did not differ from baseline (t= 0.1, df =5, p > 0.05), but MTO (t= 10.45, df =4, p <
0.001) and MTR (t= 8.0, df = 4, p < 0.01) did. In astrocytes: MTG was different (t=6.66, df =6, p <

0.001) as was MTO (t= 3.1, df = 9, p < 0.02),but MTR was not (t= 0.3, df = 4, p > 0.05).
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FIG. 4: Representative micrographs of distribution of the MitoTracker fluorescence when loaded in
the presence of a mitochondrial depolarizing stimulus. (A-C) Primary neurons and (D-F) astrocytes
were loaded with 50nM MitoTracker (A, D) Green, (B, E) Orange or (C, F) Red in the presence of

750nM FCCP.

FIG. 5: Effect of H,O; pretreatment on MitoTracker loading. (A-C) Neurons were incubated with
10pM -500uM of H,O, for 15 minutes, then loaded with 50nM MitoTracker (A, D) Green, (B, E)
Orange or (C, F) Red. The intensity of fluorescence was measured (over 5 minutes) and the mean +

standard deviation was calculated. Data are expressed as percent of untreated control.

FIG. 6: Representative micrographs of distribution of the MitoTracker loading in cells pretreated
with H,O,. (A, B) The upper rows of images show neurons loaded with 50nM MitoTracker Green,
Orange and Red (from left to right) without any pretreatment. In the lower rows, (A) neurons were
preincubated with 500uM H,0, and then loaded with 50nM MitoTracker (B) astrocytes were

preincubated with 3mM H,0, and then loaded with 50nM MitoTracker.

FIG. 7: Intensity of MitoTracker fluorescence in response to HyO,. (A) Neurons and (B) astrocytes
were loaded with 50nM MitoTracker and their response to 500uM (neurons) or 3mM (astrocytes)
H,0, was measured. Baseline fluorescent images were recorded for 5 minutes, followed by a 5-

minute H,O, treatment and a 5-minute recovery period. Data are expressed as percent of basal

fluorescence (= SEM).

FIG. 8: Respiration of isolated rat brain mitochondria. (A) State 4 (resting) respiration rate was

determined following a 10 minute preincubation of isolated mitochondria with 2uM oligomycin and
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50nM or 3.12uM MitoTracker Green (MTG), Orange (MTO) or Red (MTR). The mean (+ SEM)
respiration rates were computed and data were transformed into percent of respiration rate of
control (without MitoTracker dyes). Statistical analysis using a one-way ANOVA and a
Bonferroni’s post-hoc test showed the following: MTG: Fpy, 10 = 7.5, p < 0.05 with the high
concentration being significantly different from both the control and 50nM group (p < 0.05). MTO:
F,8=3.7,p>0.05. MIR: F5,3)=3.3, p>0.05. (B) Following assessment of resting respiration,
200nM FCCP was added and the maximal respiration rate was determine in the same isolated
mitochondria. The mean (£ SEM) respiration rate was computed and data were transformed into
percent of respiration rate of control (without MitoTracker dyes). Statistical analysis showed the
following: MTG: F;, sy = 16.2, p < 0.05 with the high concentration being significantly different
from both the control and 50nM group (p < 0.05). MTO: F5,6)=2.9,p > 0.05. MIR: Fp,¢) =
130.1, p < 0.05 with the high concentration being significantly different from both the control and

50nM group (p < 0.05).
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ABSTRACT

Mitochondria buffer large changes in [Ca?*]; following an excitotoxic glutamate stimulus.
Mitochondrial sequestration of [Ca®']; can beneficially stimulate oxidative metabolism and ATP
production. However, Ca** overload may have deleterious effects on mitochondrial function and
cell survival, particularly Ca%-dependent production of reactive oxygen species (ROS) by the
mitochondria. We recently demonstrated that the mitochondrial Na'/Ca?* exchanger in neurons

is selectively inhibited by CGP-37157, a benzothiazepine analogue of diltiazem. In the present

- series of experiments-we investigated the effects of CGP-37157 on mitochondrial-functions——-— — .- .

regulated by Ca*. Our data showed that 25uM CGP-37157 quenches DCF fluorescence similar
to 100pM glutamate and this effect was enhanced when the two stimuli were applied together.
CGP-37157 did not increase ROS generation and did not alter glutamate or 3mM hydrogen
peroxide induced increases in ROS as measured by DHE fluorescence. CGP-37157 induces a
slight decrease in intracellular pH, much less than that of glutamate. In addition, CGP-37157 -
does not enhance intracellular acidification induced by glutamate. Although it is possible that
CGP-37157 can enhance mitochondrial respiration both by blocking Ca* cycling and by
elevating intramitochondrial Ca®, we did not observe any changes in ATP levels or toxicity
either in the presence or absence of glutamate. Finally, mitochondrial Ca?" uptake during an
excitotoxic glutamate stimulus was only slightly enhanced by inhibition of mitochondrial Ca**
efflux. Thus, although CGP-37157 alters mitochondrial Ca?* efflux in neurons, the inhibition of
Na*/Ca?* exchange does not profoundly alter glutamate mediated changes in mitgchondrial

function or mitochondrial Ca®* content.




INTRODUCTION

Of the many ways in which neurons can die perhaps the most extensively studied are the
processes collectively referred to as “excitotoxicity” [1;2]. This phenomenon is associated with
the release of glutamate from neuronal and non-neuronal stores and subsequently the excessive
activation of ionotropic glutamate receptors. Excitotoxic glutamate injury probably reflects a
collection of neurotoxic mechanisms depending on the duration and intensity of the glutamate
exposure and the type of receptors activated. This is most readily appreciated, and well studied,
in primary cell culture. In cortical neurons; for example; a brief exposure-{(approximately 5
minutes) to a high concentration of glutamate res1;lts in activation of the N-methyl-D-aspartate
(NMDA) subtype of glutamate receptor, allows massive Ca?* entry and results in predominantly
necrotic cell injury [3;4]. Lower concentrations of glutamate can also be toxic via the activation
of NMDA receptors, but it has been suggested that this results in apoptotic injury [5]. If non-
NMDA glutamate receptors are activated a form of injury is triggered that depends less on
extracellular calcium, and requires several hours of stimulation to commit neurons to die, but is
expressed as necrotic cell death [6]. Evidence for all of these forms of injury have been found in
vivo [2;7;8]. Thus, excitotoxicity should not be considered as a single homogenous
phenomenon.

In this laboratory we have focused on the acute, necrotic injury that results from NMDA
receptor activation and depends on Ca’* entry [4]. This form of injury is likely to be a
consequence of the particular effectiveness with which NMDA receptors permit neuronal Ca*
accumulation, because they form a Ca®* permeable channel that only partially inactivates during

prolonged exposure to agonists (unlike, for example, voltage gated Ca? channels). Thus,
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excitotoxic NMDA receptor activation results in very high cytoplasmic free Ca** concentrations
[9;10] in addition to potentially allowing Ca** entry into specific sites in neurons poised to cause
injury [11]. As has been reported in several types of excitable cells [12-14], neuronal
mitochondria buffer these glutamate-induced large Ca®* loads particularly well [15-24].
However, it appears that the consequence of this mitochondrial Ca?* buffering is lethal. Thus, if
mitochondrial Ca?* accumulation is prevented by eliminating the mitochondrial membrane
potential (and thus abrogating the driving force for mitochondrial Ca®* uptake) neurons are
protected from NMDA receptor-mediated injury [25;26]. -~ - -~~~ — e e m —o L

It remains unclear what links mitochondﬁ;d Ca?* accumulation to injury. Studies in
isolated mitochondria and intact neurons have suggested that glutamate stimulated mitochondrial
Ca?* accumulation results in the production of reactive oxygen species (ROS) that may originate
from mitochondria [27-31]. The activation of the permeability transition pore has also been
suggested [32-34], although evidence supporting this mechanism is incomplete.

The finding that excitotoxicity requires mitochondrial Ca** accumulation is an exciting
development because it suggests novel targets at which to aim neuroprotective drug strategies.
However, at this stage the pharmacology of mitochondrial transport is rather poorly developed.
The major Ca?* uptake pathway is likely to be the Ca** uﬁiporter [12], which may be
complemented by a rapid uptake mode of the kind described in liver mitochondria [35;36].
There are several inhibitors of the Ca?* uniporter, including ruthenium red and the related Ru360
[37], as well as some cobaltammine agents [38]. However, most of these agents penetrate cells
very poorly, as exemplified by the 10,000-fold decrease in potency of Ru360 in intact cardiac

myocytes compared to cardiac mitochondria [37]. Indeed, even applying relatively high
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concentrations of Ru360 (~10uM) for several tens of minutes to intact neurons has very little
effect on glutamate-induced cytosolic Ca?* transients (JBB and IJR, unpublished observations).
It was also recently suggested that mitochondrial Ca** accumulation can occur if the
mitochondrial Na*-Ca?* exchanger reverses [39], although it is not known if this occurs in
neurons.
An alternative approach to modifying mitochondrial Ca** loading is to manipulate the
primary efflux pathways. In excitable cells mitochondrial Ca** efflux may be mediated by
—-several different pathways: Under-normal circumstances-the-mitcchendrial Na*-Ca*"-exchanger
may be the primary mechanism for efflux [40]. In principle, it is also possible that the uniporter
could reverse if the mitochondrial membrane potential is lost [41] , and activation of
permeability transition should also result in massive Ca’* release [42]. Both of these latter
situations would be associated with catastrophic alterations in mitochondrial membrane potential
that might occur in relation to pathophysiological states, and we have seen little evidence for
either process in intact neurons even following prolonged exposure to glutamate. However,
using pharmacological approaches we have been able to demonstrate the presence of the
mitochondrial Na*-Ca?* exchanger and the impact of mitochondrial Ca** release on cytosolic Ca’*
concentrations. For example, when mitochondria are loaded with Ca*" following the exposure of
neurons to a relatively high glutamate concentration the resulting recovery of [Ca®]; to baseline
levels is rather slow. This slow recovery is evidently due to the persistent efflux of
mitochondrial Ca?* stores through the Na*-Ca?* exchanger, because inhibiting this process with
the diltiazem analogue CGP-37157 rapidly restores [Ca®]; to basal values, while removing the

inhibitor is associated with a resumption of mitochondrial Ca** release [43;44]. Similar effects
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are also observed in peripheral neurons that show a particularly prominent mitochondrial Ca?*
release component following the activation of voltage-gated Ca?* channels [45]. Although CGP-
37157 does have other pharmacological effects, such as the inhibition of voltage-gated Ca*
channels [45], it rapidly and reversibly inhibits mitochondrial Ca** efflux in intact neurons and as
such appears to be one of the more useful agents currently available to manipulate mitochondrial
Ca® signaling.
In the experiments reported here we investigated the notion that by blocking what may be
——-—  -the major mitochendrial Ca?* efflux pathway-we-could-potentiate glutamate-stimulated, Ca¥- -~ —— - — -
mediated alterations in mitochondrial function. We examined the effects of CGP-37157 on
several different aspects of mitochondrial physiology, including ROS generation, intracellular
acidification, and excitotoxic neuronal injury, anticipating that CGP-37157 would increase

mitochondrial Ca®* accumulation and thereby potentiate glutamate-induced neuronal death.




MATERIALS AND METHODS

Cell Culture- Primary neuronal cultures were obtained from the forebrains of embryonic
day 17 Sprague-Dawley rats and dissociated as previously described [46]. Animals were handled
in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals and with the Institutional Animal Care and Use Committee of the University of
Pittsburgh. Briefly, the cortical lobes were incubated in 0.005-0.01% trypsin in Ca*'-free, Mg**-
free media (in mM: 116 NaCl, 5.4 KCl, 26.2 NaHCO,, 11.7 NaH,PO,, 5 glucose, 0.001% Phenol
- Red, and minimum-essential media-amino acids; pH adjusted to.7.4 with NaOH) for 30 minutes .
at 37°C. Viability determinations were made w1th the trypan blue (0.08%) exclusion method.
The plating suspension was diluted to 300,000 cell/ml using plating medium (v/v solution of
90% Dulbecco's modified Eagle's medium, 10% heat-inactivated fetal bovine serum, 24 U/ml
penicillin, 24 |Lg/ml streptomycin; final glutamine concentration 3.1 mM). Cells were plated
onto poly-L-lysine-coated (40 tg/ml) 31mm glass coverslips that were inverted one day later in a
maintenance medium (horse serum substituted for fetal calf serum, all other constituents
identical). Inversion of the coverslips prevents glial proliferation. Cells were maintained under
95% air, 5% CO, until use two weeks later. Only those coverslips containing healthy neurons
(rounded-oval, smooth, and bright cell bodies when viewed using phase-contrast optics) were
used. On the day of experimentation, culture medium was removed and replaced with HEPES-
buffered salt soluiio;l (HBSS) of the following cdmposition (mM): 137 NaCl, 5 KCl, 0.9 MgSO,,
1.4 CaCl,, 3 NaHCO,, 0.6 Na,HPO,, 0.4 KH,PO,, 5.6 glucose, and 20 HEPES; adjusted to pH
7.4 with NaOH.

Intracellular ROS Production- ROS production was measured by fluorescence
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microscopy using the oxidation sensitive dyes, 2,7-dichlorodihydrofluorescein (DCFH,) or
dihydroethidium (DHE) [29;31] as previously described [47]. Fluorescence was recorded using a
Meridian ACAS 570c laser scanning confocal imaging system. A 488 nm excitation line from an
argon laser was used in conjunction with a 510 nm dichroic mirror and focused through a 225
pMm pinhole and a 40x phase-contrast objective to yield an optical slice of about 2.5 im through
the middle of the neurons (20 pm in diameter).
Forebrain neurons that were two weeks in culture were loaded with 10 pM DCFH, or 2
——- ———--4M DHE for }5-min. at 37°C in HBSS supplemented with 5 mg/ml bovine serum-albumin. 4—
mM stocks of DCFH, or DHE were made in methanol or anhydrous DMSO, respectively.
DCFH, was removed just prior to imaging whereas DHE was maintained in solution throughout
the experiment. Fluorescence was recorded at room temperature from a single field of cells (180
x 180 pm) per coverslip typically containing 5-15 neurons. Cells were imaged over a period of
15 min. at 1 scan per min. After obtaining 2 min. of basal fluorescence, cells were exposed to
various treatments for a period of 10-15 min. Fluorescence was normalized to the intensity
measured in the first scan to account for problems in equal dye loading. Data was presented for
each test condition as the change in normalized fluorescence (mean + SEM) over time (minutes).
All experiments were performed on at least two coverslips from no less than two different culture
dates. Cells displaying localized increases in DCF fluorescence were determined visually by an
observer blinded to the treatment. |
Measurement of Intracellular pH- Fluorescence imaging, as previously described [26],
was performed on a Nikon Diaphot 300 microscope fitted with a 40x quartz objective, a Dage-

MTI cooled-CCD camera with 640 x 480-pixel resolution in combination with a Dage-MTI Gen
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II Sys image intensifier and a 75 watt Xenon lamp-based monochromator light source.
Attenuation of incident light was achieved with a 0.1% neutral density filter and passed through
a 515nm dichroic mirror. Emitted fluorescence was measured with a 535 £+ 12.5nm band-pass
filter after alternate excitation at 498nm and 450nm. Data acquisition analysis was controlled
using Simple PCI software (Compix, Cranberry, PA). Forebrain neurons (2 weeks in culture)
were incubated for 15 min. at 37°C with 2',7'-bis-(2-carboxyethyl)-5(and 6)-carboxyfluorescein
(BCECF) (5 pM) in HBSS supplemented with Smg/ml BSA. After loading, coverslips were
rinsed with HBSS, mounted in a recording chamber and perfused with HBSS at arateof 20 . ___
ml/min. Cells were exposed to various treatmentsr for a period of Smin. After approximately 10
min of recovery in normal HBSS, cells were exposed to 25 mM NH,CI for 1 min as a positive
control. Fluorescence was recorded at room temperature and background fluorescence values

(determined from cell-free regions of each coverslip) were subtracted from all signals.

Toxicity Assay- Forebrain neurons (2 weeks in culture) were rinsed twice with HBSS, and
coverslips were inverted to orient the cultured neurons face-up. Neurons were exposed to
various treatments for a period of 5 min and then rinsed with HBSS. Cells were placed in
Minimum Essential Medium containing penicillin(24 U/ml) and streptomycin (24 pg/x;ﬂ) and
allowed to incubate for 20-24hr at 37°C. Neuronal viability was then assessed with a trypan blue
(0.4%) exclusion method as previously described [26]. Data is presented as the mean number of
live cells from three experiments in which three fields, from each of three coverslips, were
counted by an observer blinded to the treatment condition.

Determination of Intracellular ATP- Forebrain neurons (2 weeks in culture) were rinsed

twice with HBSS and coverslips were inverted to orient the cultured neurons face-up. Neurons
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were exposed to various treatments for a period of 10min and then rinsed with ice-cold PBS.

Cellular ATP was extracted from 3 coverslips per condition in 400lL of 0.5% TCA/125 pM

EDTA using a disposable cell scraper. Extracts were centrifuged at 13,800 g for Smin at 37°C.

For each condition, 300pLL of supernatant was added to 120.L of 0.1 M Tris and kept on ice

throughout the experiment. ATP content was measured using a Luciferin-Luciferase Assay

(Molecular Probes, Eugene, Oregon) with a scintillation counter (Beckman LS 1801) to detect

luminescence. Sample [ATP] was determined using nonlinear regression analysis of the ATP

Standard Curve. Data is presented as the percent of controls (mean + SEM) from 3 separate .
experiments using two different cell culture dates:.

Measurement of [Ca**], - The acetoxy methyl ester form of Magfura-2 (Molecular
Probes, Oregon) was diluted to 1 mM in anhydrous DMSO. Coverslips were incubated in HBSS
containing SUM of Magfura-2, 0.5% of DMSO and Smg/ml of bovine serum albumin for 20
minutes at 37°C. Cells were then rinsed with HBSS, mounted on a record chamber and perfused
with HBSS at a rate of 20ml/min. All recordings were made at room temperature.

The imaging system consisted of a Nikon Diaphot 300 inverted microscope fitted with a
40x objective, a digital Orca camera (Hamamatsu Corporation, New Jersey) and a 75 Watt
Xenon lamp-based monochromator light source as previously described [10]. Cells were
alternately illuminated with 335 nm and 375 nm beams. Incident light was attenuated with
neutral density filters (typically by about 90%; Omega Optical, Vermont) and emitted
fluorescence passed through a 515-nm dichroic mirror and a 535 + 12.5 nm band-pass filter
(Omega Optical, Vermont). Background fluorescence, determined from three cell-free regions of

the coverslips, was subtracted from all the signals prior to calculating the ratios as described.
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Materials- CGP-37157 (7-chloro-3,5-dihydro-5-phenyl-1H-4,1-benzothiazepine-2-on)
was a generous gift from Ciba-Geigy Pharmaceuticals (Basel, Switzerland) and was also
purchased from Tocris Cookson Inc. (Missouri). Stock solutions of CGP-37157 were prepared
using anhydrous dimethyl sulfoxide and further diluted in HBSS. All fluorescent indicators were
purchased from Molecular Probes (Eugene, Oregon).

Statistical Analysis- Statistical significance between groups of three or more
experimental conditions was determined by One-way analysis of variance (ANOVA) followed
- with a Bonferroni post-hoc analysis using Prism-v3:0-(GraphPad-Software, San Diego CA).-

Statistical significance between two groups was determined using a two-tailed, unpaired t-test.
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RESULTS

Effects of CGP-37157 on Production of ROS. Several studies have demonstrated a Ca?'-
dependent production of ROS via the mitochondria following a glutamate stimulus [29-31]. If
one can speculate that blocking Ca** entry into the mitochondria may potentially inhibit
glutamate-induced ROS production, then along the same line of reasoning blocking Ca?* efflux
may enhance mitochondrial ROS generation. Thus, we studied the impact of the Na*/Ca®*
exchange inhibitor on the fluorescence of two oxidation sensitive indicators in the presence or
absence of glutamate or an exogenous oxidant: — -——- e

In this model system glutamate induced a 3-fold increase in DHE fluorescence (Fig. 1A).
Interestingly, hydrogen peroxide produced a somewhat smaller oxidation of DHE compared to
glutamate (Fig. 1B). DHE fluorescence after exposure to CGP-37157 was similar to controls
(Fig. 1A&B). In addition, CGP-37157 did not alter glutamate or hydrogen peroxide induced
increases in DHE fluorescence (Fig. 1A&B).

Both CGP-37157 and glutamate decreased DCF fluorescence to a similar extent (Fig.
1C). This effect was enhanced when the two stimuli were applied together (Fig. 1C). Glutamate
but not CGP-37157 produces localized increases in intracellular DCF fluorescence (Fig. 2). We
used a cell counting method to assess DCF oxidation responses, as we have previously described
[29]. The number of cells displaying glutamate-induced increases in localized fluorescence was
reduced by 73% when CGP-37157 is applied with glutamate (t=5.23; p<0.0008; Fig. 2). In these
experiments we used hydrogen peroxide (3mM) as a positive control, and this stimulus induced a

2-2.5-fold increase in DCF fluorescence which was not affected by the addition of CGP-37157
(Fig. 1D).
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CGP-37157 Produces Decreases in Intracellular pH. Glutamate will quench DCF
fluorescence due to intracellular acidification [29]. Thus we wanted to determine if CGP-37157
decreases DCF fluorescence due to a similar mechanism using the pH sensitive indicator
BCECF, which is not sensitive to ROS. CGP-37157 produces a slight and reversible decrease in
intracellular pH (Fig. 3). The intracellular acidification induced by glutamate is much greater
than the effect of CGP-37157. However, the intracellular acidification produced by glutamate is
not altered by the addition of CGP-37157 (Fig. 3).

Blocking Mitochiondrial Na*/Ca®* exchange Does NotAffect-Cellular ATP-Content. Ca**
may act as a second messenger to stimulate ATP production. Mitochondrial Ca?* can stimulate
several key enzymes involved in cellular respiration [48]. Previous studies have shown that
CGP-37157 will increase the A{r,, possibly as a result of enhanced mifochondrial activity [32].
Mitochondrial Ca?* cycling following glutamate exposure uncouples oxidative respiration from
ATP production. Thus, inhibition of mitochondrial Ca?* cycling and enhancement of the
mitochondrial Ca?* load with CGP-37157 may enhance ATP production or inhibit decreases due
to glutamate. A Smin exposure to 100 UM glutamate and 1 pM glycine did not signiﬁcantly-
decrease the ATP levels compared to controls (Fig 4) similar to a Smin exposure to 750 nM
FCCP (Fig. 4). CGP-37157 in the presence or absence of glutamate did not alter cellular ATP
content (Fig. 4).

Effects of CGP-37157 on Glutamate-Induced Neuronal Viability. Excessive
mitochondrial Ca?* cycling following glutamate exposure can lead to mitochondrial
depolarization and bioenergetic failure and may contribute to neuronal death. As a result of

inhibiting Ca?* cycling CGP-37157 may be neuroprotective following an excitotoxic glutamate
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stimulus. However, recent studies have demonstrated that inhibition of mitochondrial Ca?*

uptake is neuroprotective against glutamate excitotoxicity [25;26]. Also, mitochondrial Ca?* can

stimulate opening of the PTP. It is possible that enhancing mitochondrial Ca?* loads with CGP-

37157 could increase toxicity following a glutamate stimulus. Thus, we examined the effects of

the Na'/Ca** exchange inhibitor on glutamate-induced neurotoxicity. Our results show that a

Smin exposure to 100LM glutamate/ 1M glycine typically produces a 40% loss in viable

neurons as compared to cells exposed to buffer changes alone (Fig 5). CGP-37157 does not

alter neurox;al viability. Glutamate and the eemtination-of glutamate-and CGP-37157— - ——— —
significantly decrease cell viability compared to <;ontrols (P<0.01). However, these two

conditions are not significantly different from each other.

Effects of CGP-37157 on glutamate-induced changes in [Ca’* ], and mitochondrial Ca®*.
The relative lack of effect of CGP-37157 on mitochondrial function and glutamate-induced
changes in mitochondrial function led us to examine the effects of Na*/Ca?*-exchange inhibition
on glutamate-induced changes in [Ca*"]; and mitochondrial Ca** loads. We have recently
demonstrated the feasibility of estimating matrix Ca** by using FCCP to release mitochondrial
Ca?* and MagFura-2 to measure the [Ca?"]; after this procedure (Figure 6A, [49]).

A 5min exposure to 100 UM glutamate and 1 pM glycine increases [Ca”"); as measured
with Magfura-2 (Fig. 6D grey bar; glutamate). However, this may not indicate the full extent of
Ca* influx following glutamate-receptor activation as the mitochondria are simultaneously
buffering [Ca®*]; (Figure 6A). Thus, we used 750 nM FCCP to release accumulated
mitochondrial Ca** following glutamate stimulation (Fig. 6D grey bar; FCCP). FCCP is applied

in Ca?*-free HBSS to ensure that Ca?* entry is not occurring via voltage-sensitive Ca®* channels
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as a result of FCCP-induced depolarization of the plasma membrane. The application of CGP-
37157 during the Smin glutamate stimulus had no significant effect on measurable [Ca®]; levels
(Fig. 6D black bar; Glutamate). Surprisingly, inhibition of the Na*/Ca* exchanger only
produced a slight enhancement of accumulated mitochondrial Ca® (Fig. 6D black bar; FCCP).
Although the use of the low affinity Ca** indicator MagFura-2 in these experiments makes it
unlikely that dye saturation occurred during these experiments, this is a possible explanation for
the failure of CGP-37157 to enhance glutamate-induced mitochondrial Ca** accumulation. To
exclude this possibility we also monitored the effects of CGP-37157 using the same paradigm
but with lower glutamate concentrations which result in reduced cytoplasmic and mitochondrial
Ca?* accumulation (Figures 6B,C). However, although an increase in mitochondrial Ca®* might
be expected in the presence of CGP-37157 we actually observed a decrease in cytosolic and

mitochondrial Ca?* under these conditions..
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DISCUSSION

In this study we have explored the effect of the mitochondrial Na'/Ca**-exchange
inhibitor CGP-37157 on glutamate-stimulated, NMDA receptor-mediated changes in
mitochondrial function in central neurons. Our anticipation in approaching these experiments
was that CGP-37157 would increase matrix Ca?* concentrations and thereby potentiate the
glutamate stimulated changes in function. What is quite obvious from the present experiments is
that thisisnot atall the case. -~ - o — .« - o oo

The oxidation sensitive dyes DCF and DI:IE are able to report several phenomena
associated with glutamate receptor activation. DHE is preferentially oxidized by superoxide [31]
but may also report alterations in mitochondrial membrane potential [50]. However, CGP-37157
did not potentiate the DHE signal. That it did not alter the effects of peroxide on DHE
fluorescence argues that the apparent lack of effect is not due to some non-specific effect on the
dye or that it has antioxidant properties (Figure 1B). DCF is sensitive to the formation of ROS
and is also quenched by intracellular acidification [29]. The CGP-37157-induced decrease in
DCF may be consistent with intracellular acidification, as is the potentiation of the effects of
glutamate (although see below). Detecting an increase in oxidation of DCF can be somewhat
problematic with the marked decrease in signal that occurs with acidification. However counting
the cells that show the characteristic localized increases in fluorescence circumvents this problem
[29]. Once again, these results are not consistent with enhancement of the accum}llation of
matrix calcium.

Increases in matrix Ca?* stimulates Ca**-sensitive, rate-limiting dehydrogenases involved
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in metabolism, and thus couples increased energy demand signaled by an elevation in [Ca®); to
the aerobic production of ATP [48]. This should have several consequences for the neurons
stimulated by glutamate. Enhanced metabolic activation has been proposed to account for the
well-documented intracellular acidification associated with NMDA receptor activation and Ca**
influx [51-53], and this would be consistent with the increased quenching of DCF shown in
figure 1B. However, an authentic pH indicator, BCECF, showed relatively little effect either of
CGP-37157 alone or in combination with glutamate (Figure 3). In addition, mitochondrial
Na*/Ca®* exchange occurs at the-expense-of ATP- generation{40;53]; so that-inhibition of this..
process should at least prevent ATP loss. However, increases in the Ay, can also result from
ATP hydrolysis in an effort to maintain or restore A, [19;54] and may alternatively explain the
hyperpolarization induced by-CGP-37157 our neuronal cultures. Surprisingly, CGP-37157 had
no effect on cellular ATP levels, compared to controls, in the presence or absence of glutamate
(Fig. 4). One could speculate that the lack of change in cellular ATP levels in our culture system
is because of a greater dependence on glycolytic ATP production than on oxidative
phosphorylation as seen in cultured cerebellar granule cells [19;25], but again it is difficult to
relate these observations simply to enhanced matrix Ca** accumulation. The ultimate question
with respect to glutamate-induced alterations in mitochondrial function is the impact of CGP-
37157 on neuronal viability, and CGP-37157 evidently has no beneficial or detrimental effect
(Figure 5) on the viability of neurons in the absence or presence of glutamate. Thus, although
mitochondrial uptake of Ca?" during excitotoxicity is clearly detrimental to cell viability [25;26],
CGP-37157 clearly does not have a substantial impact on this process.

This raises the question of whether CGP-37157 has any effect on matrix Ca?* content at

-17-




all. This has been a difficult question to address experimentally for a variety of reasons. Inthe
kinds of experimental approach used here, several laboratories have used the Ca?* indicator rhod-
2 to estimate matrix Ca* changes [55-60]. This is clearly an effective approach provided that the
dye can be localized to the mitochondrial matrix rather than any other cellular compartment, and
also provided that the matrix Ca®* concentrations do not exceed the dynamic range of the dye.
Indeed, some of the other reports in this volume elegantly demonstrate the use of this approach.

However, under conditions of excitotoxicity it is likely that matrix Ca?* greatly exceeds the limit

- of sensitivity of thisdye (~5\M, based on an affinity ofabout-500nrM).-Thus, althoughitis __ . . . __.

possible to load the dye into mitochondria in neurons and to monitor changes in matrix Ca?* [59-
61] it is not clear that the dye faithfully reporfs the full extent of the Ca®* change.

We recently developed an alternative approach to determining mitochondrial Ca** content
following glutamate exposure [49]. This approach takes advantage of the reversibility of the
Ca?* uniporter [13]. Thus, following exposure of neurons to glutamate the cells are exposed to
FCCP which collapses the mitochondrial membrane potential and releases Ca®* into the matrix,
presumably by the reversal of the uniporter. A low affinity Ca® indicator (MagFura-2 in this
case) can then be used to report the Ca®* changes, and provide a semiquantitative insight into the
Ca* contents of the mitochondria.

Using this approach we were thus able to monitor the Ca* loading of mitochondria
following glutamate exposure in the absence or presence of CGP-37157 (Figure 6). Rather
surprisingly, CGP-37157 had little effect on the matrix Ca?* content under the co.nditi'ons
employed for most of the studies reported here (i.e. 100uM glutamate for 5 minutes). To ensure

that the failure to observe an effect of CGP-37157 was not due to dye saturation, or to the
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possibility that mitochondria are overwhelmed with the Ca*" load caused by this toxic stimulus
we also tried lower glutamate concentration, but also failed to see an effect of CGP-37157
beyond a small inhibitiqn of the glutamate triggered Ca”" entry, which may be a consequence of
the Ca?* channel inhibition produced by this drug.

It is not at all clear how to account for the lack of effect of a drug that, under some
circumstances at least, has a substantial effect on the egress of Ca?" from neuronal mitochondria
[43;45;62]. Although the failure to increase matrix Ca?* accounts for the lack of effect of CGP-

T 37157 on ROS generation; ATP-depletion or synthesis and neuronal-viability, it is not obvious
why Ca® was not increased. Perhaps the most ol;vious suggestion is that the major Ca** efflux
pathway in effect during glutamate exposure is not, in fact, the Na*-Ca?* exchanger. Based on
the observations of the effects of FCCP it is clear that a loss of AYs,, can result in release of Ca®*
from mitochondria, presumably via reversal of the uniporter. We know that at least some of the
neurons will exhibit mitochondrial depolarization during glutamate exposure [32] which might
result in Ca?* release. Activation of the permeability transition pore would also result in Ca*
release that is insensitive to CGP-37157, although evidence for the activation of this process
during glutamate stimulation is less than robust. Most tissues also have a Na'-independent
mitochondrial Ca?* efflux pathway [40]. Although the Na*-Ca®" exchanger is considered to be
the dominant mechanism in brain, it is perhaps possible that the Na'-independent pathway is
more active in our neurons under the circumstances of Na*-Ca’* exchanger inhibition. A more
trivial explanation of such observations would be that CGP-37157 blocks NMDA receptors at the
concentrations used. We have no evidence for such an effect at this point (and this would

certainly not account for its ability to alter mitochondrial Ca* efflux previously reported) but this
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remains an issue with all pharmacological approaches to studying physiological function.

More broadly, the difficulties in interpreting what should be a straightforward set of
results illustrate the problems encountered with the pharmacological manipulation of
mitochondrial Ca?* transport. The drugs that inhibit the main mitochondrial influx pathways do
not penetrate cells well (Ru360), are not very specific for the uniporter (ruthenium red) and do
not very clearly distinguish between the different modes of Ca* uptake [36]. Assuming that the
Na*-Ca?* exchanger is the main efflux pathway, an apparently specific and effective inhibitor
- - ——--~does not at all have the anticipated effect; asreperted here. _This leaves-one with the optionof ... __ .
manipulating these processes indirectly, such as i)y the use of FCCP or by inhibition of electron
transport to manipulate membrane potential. However, these approaches cannot be considered
specific either, and the other actions of FCCP, for example, are well recognized [63]. Thus,
investigating mitochondrial Ca?" transport in intact cells using pharmacological approaches

remains quite problematic.
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Figure Legends.
Fig. 1. CGP-37157 Does Not Stimulate Intracellular ROS Generation

Neurons were loaded with 2uM DHE (A & B) or 10uM DCF (C & D) for 15 min at
37°C. After obtaining 2 min. of basal fluorescence, neurons were exposed to various treatments
for a period of 10-15 min. (A & C) Data shows the effects of HBSS, 25pM CGP-37157, 100uM
glutamate with 1pM glycine, or both. (B & D) Data shows the effects of HBSS, 25uM CGP-
37157, 3mM hydrogen peroxide, or both. Points represent the mean + SEM from 20 to 100

neurons obtained from 2-6 coverslips from no less than 2 culture dates.

Fig.2. CGP-37157 Inhibits Localized ROS Production By Glutamate

Representative images display the effects of 25 pM CGP-37157, 100 UM glutamate with
1 UM glycine, or both on intracellular DCF fluorescence. For each condition neurons are shown
at the start of the experiment (3 min prior to exposure), 6 min (3 min after exposure), or 12 min
(9 min after exposure) The color scale represents arbitrary fluorescent units. Experiments were
repeated on five different coverslips from four different culture dates typically yielding 50-100
cells (N=5). Glutamate produced localized increases in DCF fluorescence in 70.8 % of the cells,
whereas CGP-37157 plus glutamate only displayed localized increases in fluorescence in 18.8 %
of the cells. Examples of cells that would be scored as positive by the counting approach are
identified by white arrows in the panels on the right. These effects were significantly different

(t=5.23; p<0.0008, two-tailed, unpaired t-test).
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Fig.3. Effects Of CGP-37157 And Glutamate On Intracellular pH

Neurons were stimulated with 25 uM CGP-37157, 100 uM glutamate with 10 pM
glycine, or both for Smin (indicated by the bar). After approximately 10min of recovery in
normal HBSS, neurons were exposed to 25mM NH,Cl for 1 min as a positive control to display

the dynamic range of dye response. A decrease in the BCECF ratio indicates a decrease in

_ intracellular pH. Traces represent the mean data from separate coverslips containing 17-25

neurons. Similar results were obtained in cells from two additional culture dates.

Fig. 4. Effects Of CGP-37157 & Glutamate On Cellular ATP Levels.

Neuronal ATP levels are presented as the percent ATP of control values. Neurons were
exposed to either HBSS, 750nM FCCP, 25 pM CGP-37157, 100 pM glutamate with 1 pM
glycine, or both CGP-37157 and glutamate for 10min prior to extraction of cell lysate. Cell
extracts were harvested from 3 coverslips per condition. ATP levels were determined by a
luciferase assay system. Data is presented as the percent of control (mean + SEM) of 3 separate
experiments from two different culture dates. None of the conditions were significantly different

from control as determined by ANOVA followed by a Bonferroni post-hoc analysis.

Fig. 5. CGP-37157 Does Not Alter Neuronal Death.
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Bars represent the mean results from three experiments in which three fields from each of
three coverslips were counted for each treatment condition in a blinded manner. On each
experimental day coverslips were exposed (in triplicate) for 5min to the following conditions:
HBSS, 25 tM CGP-37157, 100 pM glutamate plus 1 pM glycine, or glutamate and CGP-37157.
Cells excluding trypan blue were counted. Statistical significance was determined using a one-
way ANOVA test followed by Bonferroni post-hoc analysis. *Significantly different (p<0.01)

-

compared to control.

Fig. 6. Effects of CGP-37157 on Glutamate-Induced Mitochondrial Ca*" Loading

(A) A representative trace is included to display the experimental paradigm. After 4 minutes of
baseline monitoring of MagFura-2 loaded cells, glutamate (30uM) and glycine (1pM), were
applied for 5 minutes. Cells were then rinsed with HBSS for 5 min and perfused with FCCP
(750nM) for 5 more minutes . The baseline was taken as the ratio preceding the introduction of
glutamate in the buffer. The solid line represents the mean of 15 neurons from a single cover
slip, while the broken line shows the S.E.M. for these cells. (B-D) Mean data obtained using
this paradigm while varying the concentration of glutamate between 3 and 100p.M as indicated.
Note that the experiments depicted in B and C were performed with 10uM CGP-37157 while the
experiment in D used 254M. Data represents the integrated area under the curve of baseline-
subtracted values obtained during exposure to glutamate or to FCCP. Bars represents the mean
results from 5-7 coverslips over two or more culture dates. CGP-37157 significantly decreased

the glutamate-induced cytosolic and mitochondrial Ca?* changes determined using ANOVA (*
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indicates significantly different from control, p <0.05).
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Summary

1. Recent observations showed that a mitochondrial Ca®" increase is necessary for an N-
Methyl-D-Aspartate (NMDA) receptor stimulus to be toxic to cortical neurones. In an
attempt to determine the magnitude of the Ca>* fluxes involved in this phenomenon, we
used carbonyl cyanide p- (trifluoromethoxy) phenyl-hydrazone (FCCP), a mitochondrial
proton gradient uncoupler, to release mitochondrial free calcium ([Ca* |m) during and

following a glutamate stimulus, and Magfura-2 to monitor cytoplasmic free calcium

([Ca™]o).

2. FCCP added after a glutamate stimulus elevated [Ca®*], to a much greater extent than did

glutamate exposure, suggesting a very large accumulation of Ca?* in the mitochondria.

3. Mitochondrial Ca** uptake was dependent on glutamate concentration whereas the
changes in the overall quantity of Ca** entering the cell, obtained by simultaneously
treating neurones with glutamate and FCCP, showed a response that was essentially all-

or-none.

4. Mitochondrial Ca** uptake was also dependent on the nature and duration of a given
stimulus as shown by comparing [Ca®*],, associated with depolarization, kainate, NMDA
and glutamate stimulations. Large mitochondrial Ca?* accumulation only occured after a

glutamate or NMDA stimulation.




5. These studies provide an approach to estimating [Ca**], in neurones, and suggest that it

may reach millimolar concentrations following intense glutamate stimulation.




Introduction

Glutamate is a predominant excitatory neurotransmitter in mammalian brain (Headley &
Grillner, 1990). However, an excess of glutamate can be toxic to various populations of neuronal
cells (Rothman & Olney, 1986; Choi et al., 1987; Manev et al., 1989). Delayed glutamatergic
excitotoxiéity has been identified as a consequence of NMDA receptor activation which requires
an intracellular calcium ([Ca®*};) increase (Choi, 1987; Randall & Thayer, 1992; Hartley et al.,
1993). Although mitochondria were known to accumulate Ca®* following cytosolic free calcium
([Ca*]c) increases in neurones (Nicholls & Akefman, 1982; White & Reynolds, 1995), it was
thought for a long time that this process was not involved in cell death but in preventing toxicity
associated with elevated [Ca®']. However, recent studies showed opposite results: when
mitochondrial calcium Ca®* uptake is prevented during glutamate stimulation, neuronal cells
survive toxic doses (Dessi ef al., 1995; Budd & Nicholls, 1996b; Stout et al., 1998).

Ca®* entry in mitochondria may be linked to cell death in many ways. These include changes in
the polarization state of the mitochondria which jeopardizes the energy balance maintained by
the metabolic functions of the mitochondria and also leads to production of reactive oxygen
species (See Ducﬁen, 1999 and Nicholls & Budd, 2000 for review). Several studies have
monitored alterations in mitochondrial free calcium ([Ca*]m) using fluorescent indicators such
as Rhod-2 (Peng & Greenamyre, 1998; Peng et al., 1998). However, Rhod-2 has a relatively high
affinity for Ca?* and it is not clear that it can accurately report [Ca*'], under conditions
involving large fluxes of Ca®>* which may lead to the saturation of the dye.

We used the protonophore carbonyl cyanide p- (trifluoromethoxy) phenyl-hydrazone (FCCP) to

release mitochondrial Ca?* into the cytoplasm (Duchen et al., 1990; Thayer & Miller, 1990;




Kiedrowski & Costa, 1995) where it is measured with the low affinity Ca**-sensitive fluorescent
dye Magfura-2 (Raju et al., 1989; Stout & Reynolds, 1999). We were able to demonstrate that
mitochondrial Ca?* accumulation is large compared to what is seen in the cytoplasm during a

given stimulus and to establish the kinetics of Ca** fluxes during and after different stimuli.




Methods

Cell culture

Pregnant Sprague-Dawley female rats were anesthetized with diethyl ether inhalation until
complete loss of responsiveness to tail and foot pinch was achieved. Embryonic day 17 fetuses '
were released from the uterus and decapitated. The mother was also decapitated without being
allowed to regain consciousness. The forebrains were then removed from the fetuses and
dissociated as follows. The lobes were incubated in 0.005-0.01 % trypsin in 2 ml of Ca?" / Mg?*
—free medium (in mM: 115 NacCl, 5.4 KCl, 26.2 NaHCO3, 9.9 NaH2PO4, 5.5 glucose, 0.001%
phenol red, and minimum essential medium amino acids; pH adjusted to 7.4 with NaOH) for 30
min at 37°C. The tissue was triturated an average of 12 times before the volume was brought to
10 ml and viability determinations were made with trypan blue (0.08 %) exclusion. The plating
suspension was diluted to 450,000 cells.ml” using plating medium (v/v solution of 90%
Dulbecco’s modified Eagle’s medium, 10 % heat-inactivated fetal bovine serum, 24 U.ml™
penicillin, 24 pg.m!" streptomycin; final glutamine concentration, 3.9 mM). Cells were plated
onto poly-D-lysine-coated (MW = 120,400; 40 mg.ml ™) 31-mm glass coverslips that were
inverted 1 day later into maintenance medium (horse serum substituted for fetal bovine serum,
all other constituents identical). Neurones were used after 13-16 days in culture, with no further
medium changes. These culture conditions provide the sparse, glia-poor neuronal cultures that
are optimal for fluorescence microscopy measurements. Each experiment described was
performed on 8 to 25 neurones per coverslip and 5 to 15 coverslips from two or more different

culture dates. All procedures using animals were in accordance with the National Institutes of




Health Guide for the Care and Use of Laboratory Animals and were approved by the University

of Pittsburgh’s Institutional Animal Care and Use Committee.

Solutions and drugs

For perfusion of coverslips in the fluorescence microscopy experiments, we used a HEPES-
buffered salt solution (HBSS, adjusted to pH 7.4 with NaOH) of the following composition (in
mM): NaCl 137, KC1 5, NaHCOs 10, HEPES 20, glucose 5.5, KH,PO,4 0.6, Na,HPO, 0.6, CaCl,
1.4, MgSO; 0.9. Ca®>* was omitted in the Ca>* free HBSS buffer; High KCI buffer contains 50
mM of KCI and 92 mM of NaCl. The drugs used in the present experiments were purchased
from Sigma® (Missouri, USA) and prepared from the following stock solutions:

1-100 uM glutamate from 10 mM in water, 1 pM glycine from 10 mM in water, 750 nM
carbonyl cyanide p- (trifluoromethoxy) phenyl-hydrazone (FCCP) from 750 uM in methanol,
100 uM kainate from 10 mM in water and 300 pM N-Methyl-D-Aspartic acid (NMDA) from 10
mM in water. 1 uM glycine was always added in the glutamate- and NMDA-containing
solutions. For treatments with FCCP alone, the drug was diluted in Ca®* free buffer to avoid

external Ca?* entry in the cells.

[Ca*']. measurements

A 1 mM stock solution for the acetoxy methyl ester form of Magfura-2 (Molecular Probes,
Oregon, USA) was prepared in anhydrous DMSO. Coverslips were incubated in HBSS
containing 5 pM of Magfura-2, 0.5 % of DMSO and 5 mg.ml” of bovine serum albumin for 10-
15 minutes at 37°C. Cells were then rinsed with HBSS, mounted on a record chamber and

perfused with HBSS at a rate of 20 ml.min™. All recordings were made at room temperature (20-
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25°C). The imaging system used in this study consisted of a Nikon Diaphot 300 inverted
microscope fitted with a 40x objective, a digital camera (Hamamatsu Corporation, New Jersey,
USA) and a 75 Watt Xenon lamp-based monochromator light source (Applied Scientific
Instrumentation Inc., Oregon, USA) as specified (Stout ef al., 1998). Cells were alternately
illuminated with 335 nm and 375 nm wavelengths. Incident light was attenuated with neutral
density filters (ND 0.5 and 0.3 for 16% transmittance; Omega Optical, Vermont, USA) and
emitted fluorescence passed through a 515 nm dichroic mirror and a 535 / 25 nm band pass filter
(Omega Optical, Vermont, USA). Background fluorescence, determined from three cell free
regions of the coverslips, was suBtracted from all the signals prior to calculating the ratios. The
baseline ratio corresponds to the last ratio before the first stimulus (usually, glutamate; see the
arrows in Fig. 1A-D). The areas under curve (AUCs) are calculated from baseline-subtracted

Magfura-2 ratios during the first five minutes of a given stimulus as described (see Fig. 1F & G).

Statistics
Unpaired t-tests and one-way analyses of variances (ANOV As) coupled with Bonferroni multi
comparison post-hoc tests were performed using Prism 3.0 software (GraphPad Software Inc.,

San Diego, USA).




Results

Ca* uptake and Ca®" release in neuronal cells

We have previously shown that Ca®* that enters cells during glutamate application is largely due
to NMDA receptor activation, and that a substantial fraction of the Ca®* load is buffered by
mitochondria (White & Reynolds, 1997). In this study, we used the low affinity Ca®* indicator
Magfura-2 to estimate [Ca®]. (Raju et al., 1989; Stout & Reynolds, 1999). We ruled out the
possibility that Magfura-2 was measuring large cytoplasmic Mg** changes, because Calcium
Green-5N, a low affinity Ca®* dye that is insensiti{/e to Mg®* (Rajdev and Reynolds, 1993)
produced qualitatively similar results in the paradigms described below (J. B. Brocard & L. J.
Reynolds, unpublished observations). Magfura-2 is almost exclusively found in the cytoplasm of
neurones under the loading conditions used here because all of the dye could be released (as
indicated by a decrease of cell-associated fluorescence) by a low concentration of digitonin (< 5
pM) that selectively removed the plasma membrane (Ishijima ef al., 1991); magfura-2 loaded
into the cells could be quenched by the addition of Mn** in a depolarizing solution to the outside
of the cell; and dye released from neurones by 5 pM digitonin displayed a peak excitation
wavelength of 340 nm when incubated with saturating Ca®>* concentrations and could also be
completely quenched by Mn®* which does not bind to the uncleaved Magfura-2AM (Brocard et
al., 1993). To evaluate [Ca®*],, following a glutamate stimulation we used the protonophore
FCCP, which rapidly and reversibly collapses the mitochondrial membrane potential. This
results in the release of Ca®* from the mitochondria, probably by the reversed operation of the
Ca?* uniporter (Budd & Nicholls, 1996a). Thus, assessing [Ca®*]. during an FCCP application

corresponds to measuring [Ca®* ).




Concentration-dependent increase of [Ca®'],

Representative curves of Magfura-2 ratios (background subtracted) obtained for 1 uM, 3 pM, 10
pM and 30 puM glutamate are shown in Fig. 1A-D. The arrows indicate the ratio taken as the
baseline for further studies. They show a concentration-dependent increase of [Ca*], with both
glutamate and FCCP. These curves represent the mean of 8 to 25 neurones from a single
coverslip, and the mean response is considered to be a single experiment. The average Magfura-2
ratios obtained from 5 to 15 experiments with each concentration of glutamate were baseline-
subtracted and plotted in Fig. 1E. Due to the VariaBility in the characteristics of the Ca*
responses in single cells (as exemplified in Fig. 2A & B) , we calculated the area under the curve
(AUC), defined as the sum of the baseline-subtracted ratios for the duration of the treatment (Fig.
1F), as a measure of the overall Ca?®* fluxes occurring during a specific treatment (Fig. 1G).
Average AUCs + SEM for glutamate -induced and FCCP -induced Ca®" responses are shown in
Fig. 3A. At all concentrations, the FCCP-induced Ca®" release is greater than what is observed
during the glutamate treatment. Thus, most of the Ca®* entering the neurones is not measured by
the fluorescent dye during the glutamate treatment (Thayer & Miller, 1990). At a very high
glutamate concentration (300uM), the corresponding [Ca”*]. increase is smaller than that
observed with lower glutamate concentrations. The ratio of FCCP-induced divided by the
glutamate-induced [Ca®*]. changes (F/G ratio) is also concentration-dependent and increases
with the concentration of glutamate used during the stimulus (Fig. 3D). However, the increase in
the rate of Ca?* uptake seems to reach a maximum at high concentrations of glutamate. Taken
together, thése data indicate that the higher the glutamate concentration, the more Ca?" is taken

up by the mitochondria until the limit of their capacity is reached.
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Overall cellular Ca** uptake during a glutamate stimulus

By inactivating the predominant Ca?* buffering mechanism with FCCP during glutamate
stimulations, it is possible to evaluate the overall quantity of Ca®* being taken up by the neurones
(Stout et al., 1998). Representative curves of Magfura-2 ratios (background subtracted) obtained
for glutamate (0 uM, 1 pM, 3 pM, 30 uM and 300 pM) + FCCP are shown in Fig. 4A-E. AUCs
obtained for those treatments are shown in Fig. 4F. Although the concentration at which
glutamate started to produce a sizeable response was similar in the absence or presence of FCCP,
there appeared to be an all or none characteristic to the concentration response relationship for
glutamate in the presence of FCCP. However, at most concentrations, the AUCs shown in Fig.
4F appear to reflect the sum of the glutamate-induced transient and the subsequent FCCP-
induced release (with the notable exception of the measurements made with 3 pM) suggesting
that this approach does provide a reasonable estimate of the total Ca®* load during glutamate

€xposure.

Duration-dependent increase of [Ca®'] after a glutamate stimulus

We next sought to determine the time-dependence of the mitochondrial Ca** accumulation in the
neurones. Representative curves of Magfura-2 ratios (background subtracted) obtained for 0, 1,
3, 5, 10 and 20 min of 30 pM glutamate stimulation are shown in Fig. 5A-F. AUCs obtained for
the FCCP treatment correspond to significantly bigger Ca®* fluxes than that measured in the
cytoplasm during any glutamate stimulus shorter than 10 min (Fig. 6A). However, after 20 min
of 30 puM glutamate activation, the AUC obtained after the FCCP treatment is significantly

smaller than the Ca®* flux measured during the stimulus (Fig. 6A). Thus, the F/G ratio is stable
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for 1-5 min of glutamate treatment then drops for 10 min and 20 min to a value significantly

smaller than what is observed for 1, 3 or 5 min (Fig. 6B).

Recovery-dependent decrease of [Caz‘t]m

We also estimated the rate of Ca>* extrusion from the mitochondria by varying the duration of
the washout following a 30 uM glutamate stimulus. Representative curves of Magfura-2 ratios

(background subtracted) obtained for 0, 5, 10 and 20 min after the exposure when the cells are
washed in the absence of external Ca, are shown in Fig. 7A-D. As a comparison, the response
obtained when using FCCP in naive cells is shown in Fig. 7E. AUCs obtained for the FCCP
treatment 0-5 min after the glutamate correspond to higher [Ca?*]m than 10 or 20 min after the
stimulus or in naive cells (Fig. 7F). The absence of Ca’* in the medium during glutamate
washout did not significantly alter Ca?* extrusion from the neurones. However, after a [Ca®* ],
decrease of 3-fold within the first 10 min of Ca** free buffer washout, it stays stable over the

next 10 min period. Thus, [Ca®"]n, is still higher after 20 min of washout compared to naive cells

(Fig. 7F).

Stimulus-dependent increase of [Caz’t]m

Previous studies have suggested that the magnitude of [Ca®*],, increase depends on the route of
Ca’" entry per se (Sattler et al., 1998) whereas others showed that only NMDA receptor
activation would lead to large [Ca®*]. followed by high [Ca®*], increases (Hyrc et al., 1997;
Stout & Reynolds, 1999; Keelan ef al., 1999). Moreover, as Magfura-2 is sensitive to
physiological [ Mg”*]; (Raju e al., 1989), it was important to determine whether there were dye

changes in the absence of Ca®* in the buffer. We further investigated these principles by
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exposing neurones to other stimuli that elevate Ca®* to a varying extent (Stout & Reynolds,
1999). Répresentative curves of Magfura-2 ratios (background subtracted) obtained for 30 pM
glutamate in Ca®* free buffer, high KCI buffer, 100 uM kainate and 300 uM NMDA are shown
in Fig. 8. AUCs obtained using glutamate in Ca®" free buffer, high KCl or kainate correspond to
significantly smaller Ca** fluxes than the [Ca’']. change obtained with 30 uM glutamate (Fig.
9A). Similarly, Ca** responses with FCCP following those stimuli are significantly smaller than
the response obtained with FCCP after a 30 uM glutamate stimulation (Fig. 9B). Interestingly
though, the magnitude of the [Ca®*]. changes following glutamate stimulation in Ca®* free buffer
and kainate is significantly higher than the [Ca2+]c‘change observed in naive cells (see Fig. 7F

and J. B. Brocard & I. J. Reynolds, unpublished observations).
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Discussion

The goal of these experiments was to develop a method to measure [Ca®*], during and after a
glutamate stimulation in cortical neurones. The protonophore FCCP was used to release Ca®*
from mitochondria, and the Ca®* elevation was detected in the cytoplasm using the low affinity
Ca?* indicator Magfura-2. Our results demonstrate the value of this approach, as we show that
mitochondrial Ca>* accumulation is dependent on the glutamate concentration, the time of
exposure to glutamate, and the duration of the washout following the glutamate stimulation. The
only exception seems to be the Ca>* increases measured during combined FCCP and glutamate
applications (Fig. 4F). This result may be explainéd by the inhibition of the NMDA receptor
through high [Ca®*]., thereby underestimating the overall Ca®" entry at high glutamate
concentrations (Rosemund et al., 1995).

However, the most notable observation is the size of the [Ca®*], pool. The Ca®* changes
detected by Magfura-2 approached the maximal ratios we have obtained with this dye,
suggesting that the dye is close to being saturated with Ca**. Given that the Kp, of the dye for
Ca®* is ~10-20 pM (Raju e? al., 1989; Stout and Reynolds, 1999), this suggests that [CaZ*],
following FCCP-induced release may significantly exceed 100 pM. When one considers that the
usual estimate of the fractional volume of the cytoplasm occupied by mitochondria is < 5%
(Scott & Nicholls, 1980) this implies that [Ca®*], following glutamate exposure approaches

several millimolar.

This study reveals some interesting characteristics of the relationship between [Ca’*] and
[Ca®*],, after NMDA receptor activation. The threshold glutamate concentration for producing
[Ca**} increase in this study is approximately 1 uM, and this led to similar small increases in
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Magfura-2 fluorescence during the stimulus and the FCCP application. Higher glutamate
concentrations produced an elevation in [CaZ*], that exceeds the set point with the result that
there is a progressive accumulation of Ca®* in the matrix (Nicholls, 1978). There was a clear
relationship between the magnitude of the [Ca**]. response to glutamate and the subsequent
FCCP-induced Ca®* release from the mitochondrial Ca* stores between 1 and 100 pM glutamate
following a five minute glutamate exposure. This suggests that the approach provides a
reasonable, semi quantitative estimate of [Ca*],, under these conditions. A similar relationship
was observed when the time of glutamate exposure was varied between one and five minutes,
again suggesting that the method can report mitochondrial Ca®>" accumulation under the
conditions of these experiments. It is worth noting though, that the relationship between [Ca®*|m
and [Ca®*]. is not linear under these circumstances, as revealed by the variation in the F/G ratio
obtained with increasing concentrations of glutamate (Fig. 3D). This non-linear relationship
could be due to the inherent properties of the low-affinity dye Magfura-2 itself as described
elsewhere (Hyrc et al., 2000) or, alternatively, be a consequence of the activation of the
mitochondrial Ca** uniporter by high [Ca®"], as reported previously (Colegrove et al., 2000).
Furthermore, mitochondrial Ca>* buffering capacity is limited as becomes evident when
stimulating cells with concentrations of glutamate greater than 100 uM or for periods of time
beyond 5 min. With these more extreme stimulation paradigms we observed that the F/G ratio
decreased, reﬂecfing a limitation in the accumulation of Ca®* by mitochondria. This could reflect
a saturation phenomenon, where the limit of the ability of mitochondria to accumulate Ca®* is
reached. Alternatively, the limitation could reflect the dissipation of the gradient that drives Ca®*
into the mitochondria (AW,,; Zoccarato & Nicholls, 1982), the glutamate-induced Ca?* -

dependent decrease of A¥ ,, being a well characterized property of neuronal mitochondria
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(Schinder et al., 1996; White and Reynolds, 1996; Vergun et al., 1999). It is also possible that
the later failure of Ca®* accumulation and/or release of matrix Ca®* in these long exposures
reflects activation of permeability transition (Hunter & Haworth, 1979; Al Nasser & Crompton,
1986). However, recent studies argued against the induction of transition in a similar paradigm
(Castilho et al., 1998; Hiiser et al., 1998). Interestingly, [Ca* ], always stayed high for the
whole duration of the FCCP treatment, probably reflecting a continuous release of Ca’* from the
mitochondria and/or a slow rate of Ca?* extrusion from the cytoplasm. Given that the subsequent
decline in [Ca?* ]. appeared to be the consequence of FCCP removal this observation suggests
that the FCCP treatment was not of sufficient duration to empty the mitochondria of calcium. It
is not clear wether this is due to the relatively slow mobilization of intramitochondrial calcium,

or whether the efflux pathway is rate-limiting in this process.

For smaller concentrations of glutamate (1 uM) and non-NMDA stimulations, the stimulus- and
FCCP -induced increases in Magfura-2 fluorescence are not necessarily related to mitéchondrial
Ca®" accumulation. We first confirmed that the initial [Ca®*], in naive cells is very small by
monitoring Magfura-2 fluoresence increase during an FCCP application on untreated cells (see
Fig. 7E). This content was estimated to be << 1 uM (J. B. Brocard & I. J. Reynolds, unpublished
observations) when using Fura-2, a fluorescent dye more sensitive to Ca®* (Grynkiewicz et al.,
1985; Stout & Reynolds, 1999). The Magfura-2 fluorescence increases obtained when using 0
puM glutamate (+1 pM glycine; see Methods) followed by FCCP were identical to what was
observed in naive cells, thus confirming the absence of any intrisic ability of glycine to active the

NMDA receptors (Johnson & Ascher, 1987).
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Using 1 pM glutamate led to similar small increases in Magfura-2 fluorescence during the
stimulus and the FCCP application. If there is any Ca®* entry, it does not lead to [Ca**], changes
large enough to trigger the process of mitochondrial buffering (Nicholls, 1978; see above).
Identical results were obtained when using depolarization as a stimulus. In contrast, increases in
Magfura-2 fluorescence observed during a 30 uM glutamate stimulus followed by an FCCP
application, all in Ca** free buffer, are unlikely to be due to Ca?* variations. However, we
previously demonstrated that glutamate can stimulate the influx of Mg*" in Ca** free buffer, and
this may be the source of Magfura-2 fluorescence changes in the absence of Ca?* (Brocard et al.,
1993; Stout et al., 1996). Interestingly, the AUC obtained during FCCP application in this
experiment is higher than what was obtained when the drug was applied on naive cells.
Therefore, this signal could be due to either Mg?* initially taken up, then extruded by the
mitochondria or to Mg** released from ATP during the FCCP application (Leyssens ef al., 1996).
Interestingly, similar observations were made with kainate stimuli (in the presence of Ca?* in the

buffer): in this case, it is difficult to decide between a Ca**- or a Mg**-specific increase or both.

Several previous studies have reported the determination of [Ca®*]m in neurones. Perhaps the
most direct approach involves electron microprobe x-ray analysis to determine the mitochondrial
ion content (Pivovarova et al., 1999; Taylor ef al., 1999). However, as of yet it has not proved
possible to apply this method to monolayer cultures of neurones, and it is also rather more
difficult to establish time courses with this technique. Others have i'eported the use of fluorescent
indicators that report Ca** and preferentially accumulate in mitochondria. The major limitation in
this approach would appear to be the problem of dye saturation. For example, Rhod-2 has an

affinity for Ca®* of ~0.5 pM, and can selectively accumulate in mitochondria because the
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acetoxymethyl ester is a partially charged cation (Peng & Greenamyre, 1998; Peng et al., 1998).
However, as noted above, the estimate of [Ca’*], suggests that millimolar Ca®* might be
expected, which is far beyond the capacity of these dyes to report accurately. Alternatively, it is
also possible that a substantial majority of the Ca* that enters mitochondria is not actually free
in solution, and is instead precipitated as Ca** phosphate or sequestered in any othér form in the
matrix (Lehninger, 1974; Zoccarato & Nicholls, 1982). In this way, the actual free Ca®

concentration may still be in the low micromolar range.

We have not directly investigated the efflux mechanisms triggered by FCCP. It has previously
been reported that dissipation of A¥, results in reverse operation of the Ca®* uniporter in
isolated mitochondria (Budd & Nicholls, 1996a). Other potential efflux mechanisms are the
mitochondrial Na* / Ca** exchanger (White & Reynolds, 1995 and references therein) and the
activation of permeability transition (see Duchen, 1999 and Nicholls & Budd, 2000 for review).
As already noted, it is likely that some fraction of the Ca>* that accumulates into mitochondria is
taken out of solution in the form of Ca®* phosphate or other insoluble form in the matrix
(Lehninger, 1974; Zoccarato & Nicholls, 1982). It is difficult to establish the extent to which this
alters the characteristics of the efflux that we observed. We might tentatively infer, based on the
experiments shown in Fig. 7, that there are two pools of releasable Ca. The first and larger pool
leaves the mitochondria within 10 minutes, while the second pool remains stable prior to the
addition of FCCP. One might speculate that these pools represent soluble and insoluble forms of
Ca®" in the mitochondrion, recognizing that there is yet little direct evidence to support this
supposition. Alternatively, the activation of the Ca** efflux routes may be less sensitive to

[Ca?*], than entry routes are to [Ca?*).. In any case, whatever the form of Ca®* that these pools
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represent, both must be mobilized by the effects of FCCP, either the result of the alteration of

membrane potential or by the change in the matrix pH.
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Figure legends

Figure 1: Evaluation of [Ca**], and [Ca®*], during and following a glutamate stimulus. (A-D)
Representative traces obtained from # neurones treated with 1 pM (A), 3 uM (B), 10 uM (C) or
30 uM (D) glutamate and with FCCP as indicated. The arrows point to the ratio taken as the
baseline. (E) Means + SEMs of the Magfura-2 ratios (baseline-subtracted) obtained from
coverslips for each glutamate treatment: 1 uM glutamate (A; n =5), 3 pM glutamate (¥; n =
10), 10 uM glutamate (A; n = 10), 30 uyM glutamgte (V; n=15). (F) Mean + SEM of the
Magfura-2 ratios (baseline-subtracted) obtained from 15 coverslips with 30 uM glutamate (V; n
= 15) and areas under the curve (AUCs) used as a measure of the Ca’" fluxes after the glutamate
stimulation ([]) and the FCCP application (). The FCCP applications were performed in
absence of Ca®* in the buffer. (G) Mean + SEM for AUCs as described in (F), for the 30 uM

glutamate stimulus (] ) and the FCCP treatment (7).

Figure 2: Variability in single cells responses during and following a glutamate stimulus. Traces
for single cells treated with 3 uM (A) or 30 uM (B) glutamate corresponding to Fig. 1B & D,

respectively.

Figure 3: Dose-dependent increase of [Ca®*]. and [Ca®*], during and following a glutamate
stimulus. (A) » coverslips were treated as indicated in Fig. 1 and means + SEMs for AUCs after

the glutamate ([J) and the FCCP treatments ( [) were plotted (Significant differences from the
corresponding FCCP treatment, unpaired t-tests: *, P < 0.05). (D) Means + SEMs of normalized

ratios of FCCP- induced divided by glutamate- induced [Ca?*], changes (Significant differences
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from the 1 uM and 3 puM glutamate treatments, ANOVA followed by Bonferroni tests: *, P <

0.05. Significant differences from the 10 pM glutamate treatment, ANOVA followed by

Bonferroni tests: §, P <0.05).

Figure 4: Evaluation of [Ca®"]. and [Ca®*],, during a simultaneous glutamate + FCCP stimulus.
(A-E) Representative traces obtained from » neurones treated with 0 pM (A), 1 pM (B), 3 uM
(C), 30 uM (D) or 300 pM (E) glutamate + FCCP as indicated. (F) n coverslips were treated as
indicated above and means + SEM for AUCs after the glutamate + FCCP treatments were plotted

(Significant differences from 0 uM and 1 uM glutamate treatments, ANOVA followed by

Bonferroni tests: *, P < 0.05)

Figure 5: Evaluation of [Ca®"], and [Ca®*],, during and following a glutamate stimulus. (A-F)
Representative traces obtained from n neurones treated with 30 pM glutamate for 0 (A), 1 (B), 3
(©), 5 (D), 10 (E) or 20 min (F) and FCCP as indicated. The FCCP applications were performed
in absence of Ca®" in the buffer. Neurones treated for 0 min were subjected to the same

experimental procedure but not to the glutamate exposure.

Figure 6: Duration-dependent increase of [Ca®*]. and [Ca**]m during and following a glutamate
stimulus. (A) n coverslips were treated as indicated in Fig. 5 and means + SEMs for AUCs after

the glutamate ([7] ) and the FCCP treatments (fg ) were plotted (Significant differences from the
corresponding FCCP treatment, unpaired t-tests: *, P < 0.05). (B) Means + SEMs of normalized
ratios of FCCP- induced divided by glutamate- induced cytoplasmic Ca®>* changes (Significant

differences from the 20 min glutamate treatment, ANOVA followed by Bonferroni tests: *, P <
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0.05. Significant differences from the 10 min glutamate treatment, ANOVA followed by

Bonferroni tests: T, P <0.05).

Figure 7: Recovery-dependent decrease of [Ca?*]m following a glutamate stimulus. (A-D)
Representative traces obtained from » neurones treated with 30 uM glutamate, rinsed for 0 (A), 5
(B), 10 (C) or 20 min (D) in Ca?* free buffer and treated with FCCP as indicated. (E) n naive
cells were treated with FCCP only, as indicated. The FCCP applications were performed in
absence of Ca*" in the buffer. (F) n coverslips were treated as indicated above and means +
SEMs for AUCs obtained after the glutamate and the FCCP treatments were plotted (Significant
differences from 10 min and 20 min recovery, ANOVA followed by Bonferroni tests: *, P <
0.05. Significant differences from naive cells, ANOVA followed by Bonferroni tests: f, P <

0.05).

Figure 8: Evaluation of [Ca®]. and [Ca®*'], during and following various stimuli. (A-D)
Representative traces obtained from » neurones treated with 30 uM glutamate in Ca®* free buffer
(A), KC1 50 mM (B), kainate 100 uM (C) or NMDA 300 uM (D) and FCCP as indicated. The

FCCP applications were performed in absence of Ca®" in the buffer.

Figure 9: Stimulus-dependent increase of [Ca?*), and [Ca®*]m. n coverslips were treated as
indicated in Fig. 8 and means + SEMs for AUCs obtained after the stimuli (A) and the FCCP (B)

treatments were plotted (Significant differences from the 30 uM glutamate treatment, ANOVA

followed by Bonferroni tests: *, P < 0.05).
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Figure 4
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Figure 5
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Figure 7
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Figure 8
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cell body and process labeling, which were contingent on the loading concentration
of the dye, were observed. Mitochondrial depolarization by the uncoupler, FCCP,
led to an increase in TMRM and JC-1 monomer fluorescence in both cell bodies
and processes, whereas depolarization by glutamate/glycine led to a greater
increase in fluorescence intensity within the cell bodies, as compared to the
processes. Compelling evidence for a complex and dynamic role of mitochondria
in normal cellular functioning was observed. At low concentrations of both
TMRM and JC-1, a large percentage of fluorescent mitochondria within the
neuronal culture exhibited extensive motility. Moreover, the loading concentration
of the A¥,-sensitive fluorescent dyes was inversely related to the percentage of
mitochondria that appeared to move. At higher concentrations of TMRM and JC-1,
mitochondria exhibited spontaneous oscillations in fluorescent intensity in small
regions of the neuronal processes, indicative of partial, transient mitochondrial
depolarizations We are currently investigating the impact of mitochondrial motility
and A'¥,, oscillations to determine the relationship of these phenomenon to cellular
and synaptic signaling, ATP availability and usage, and permeability transition
Supported by USAMRMC, Scaife Family Foundation and T32NS07391.
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QUANTITATIVE EVALUATION OF MITOCHONDRIAL CALCIUM CONTENT
FOLLOWING NMDA RECEPTOR STIMULATION. J. B. Brocard*, M. Tassetto and L.
J. Reynolds. Department of Pharmacology, University of Pittsburgh, Pittsburgh PA
15261.

Recent observations showed that mitochondrial calcium accumulation is necessary for a
NMDA (N-Methyl-D-Aspartate) receptor stimulus to be toxic to cortical neurons [Stout et
al. (1998) Nat. Neurosci. 1: 366]. In an attempt to determine the magnitude of the calcium
fluxes involved in this phenomenon, we used carbonyl cyanide p- (trifluoromethoxy)
phenyl-hydrazone (FCCP), a mitochondrial proton gradient uncoupler, to release the
mitochondrial calcium store during and following a glutamate stimulus, and magfura-2 to
monitor cytoplasmic calcium. This method revealed a mitochondrial calcium
concentration much larger than the cytoplasmic calcium changes observed during
glutamate exposure, suggesting a very large accumulation of calcium in the mitochondria.
Mitochondrial calcium uptake is dependent on glutamate concentration. In contrast, the
changes in the overall quantity of calcium entering the cell, as measured by
simultaneously treating neurons with glutamate and FCCP, showed an ‘all-or-nothing’
response. Mitochondrial calcium uptake is also dependent on the nature and duration of a
given stimulus as shown by comparing mitochondrial calcium accumulation associated
with depolarization, kainate and NMDA compared to glutamate. Thus, although
mitochondrial calcium content is low in naive cortical neurons, these organelles buffer
large quantities of calcium during and after a glutamatergic stimulus. Supported by the
Human Frontier Science Program Organization (J. B. B.), NS34138 and DAMD 17-98-1-
8627 (L J.R.).
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